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The Swelling of Collagen in Alkaline Solutions 
1, SWELLING IN SOLUTIONS OF SODIUM HYDROXIDE 


By JOANE H. BOWES anp R. H. KENTEN 
British Leather Manufacturers’ Research Association, London, S.E. 1 


(Received 28 April 1949) 


The swelling of collagen and other fibrous proteins 
in acid and alkaline solutions is governed by the 
osmotic pressure differences arising between the pro- 
tein phase and the external solution as a result of 
the formation of protein salts—Donnan membrane 
effect—(Procter, 1914; Bolam, 1932; Donnan, 1933), 
and by the cohesion of the protein (Procter, 1914; 
Jordan Lloyd, 1920, 1938), i.e. the forces opposing 
swelling, such as interweaving of the fibres and inter- 
molecular forces. In order to interpret the effect of 
pH changes on swelling it is, therefore, necessary to 
consider the influence of the acid or alkali both on the 
Donnan equilibria and on the cohesion of the protein. 

The swelling of collagen and gelatin in alkaline 
solutions has received much less attention than that 
in acid solutions. A number of swelling curves of 
gelatin in alkaline solutions have been reported 
(Jordan Lloyd, 1920, 1930; Jordan Lloyd & Pleass, 
1927, 1928; Loeb, 1921a, b, c, d; Kunitz, 1923-4; 
Pleass, 1930), but in general these do not extend 
above pH 12-0 and make no allowance for solution of 
the gelatin. A few alkaline swelling curves of 
collagen have also been reported (Kaye & Jordan 
Lloyd, 1924a, &; Jordan Lloyd, Marriott & Pleass, 
1933; Highberger, 1936), but in all these there are in- 
sufficient points to determine the exact shape of the 
curves above pH 11-0. They show, however, no 
definite decrease in swelling at high pH values cor- 
responding to that occurring in acid solutions below 
pH 2-0. With keratin (Jordan Lloyd & Marriott, 
1934) and silk (Jordan Lloyd & Marriott, 1933; 
Coleman & Howitt, 1947) there is also an increase 
rather than a decrease in swelling at high pH values. 
With silk this increased swelling is accompanied by 
splitting up of the fibres, and is attributed to a 
weakening of the cohesive forces of the fibre. 

The swelling of gelatin in alkaline solutions up to 
pH 10 is reduced by the addition of sodium chloride 
or other appropriate salts, in the same manner as 
swelling in acid solutions, but at higher pH values the 
curves have an upward trend, and the suppression of 
swelling is less marked (Jordan Lloyd & Pleass, 1927, 
1928). There is also some evidence that the nature of 
the anion has some influence on swelling; e.g. 
sodium nitrate depresses swelling to a lesser extent 
than sodium chloride at the same molar concentra- 
tion (Jordan Lloyd & Pleass, 1927, 1928). The few 
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experiments which have been carried out indicate 
that salts do not suppress swelling of collagen in 
alkaline solutions to the same extent as swelling in 
acid solutions, nor to the same extent as swelling of 
gelatin in alkaline solutions (Kaye & Jordan Lloyd, 
19245). 

Thus, it appears that the swelling of collagen in 
alkaline solutions is more complicated than in acid 
solutions, and that loss of cohesion of the collagen 
plays a more important part. The swelling of 
collagen in solutions of different bases, with and 
without the addition of salts, is, therefore, being in- 
vestigated. The present paper deals with swelling 
in solutions of sodium hydroxide with and without 
the addition of sodium chloride. 


EXPERIMENTAL 


Raw material. Oxhide and alkali-treated sheepskin col- 
lagen D and E were prepared as described by Bowes & 
Kenten (1948a, 6). The alkali-treated sheepskin was pre- 
ferred for the present work, since, owing to its looser 
structure, it is able to take up more water and hence shows 
greater variations in swelling with changes in external 
conditions. 

Swelling curves. Air-dry collagen (0-5 g.) in the form of 
pieces about 0-5 cm. square was placed in 100 ml. of the 
appropriate solution for 3 days at 20°. The pH of the 
solution was then determined and the pieces lightly blotted 
and weighed. 

Preliminary experiments showed that, provided the pH 
was determined quickly, it was unnecessary to take any 
special precautions to avoid contamination with CO,. The 
Cambridge glass electrode standardized with phthalate 
buffer (pH 4-0) and borate buffer (pH 9-22) was used for pH 
values up to 9-5 and the special Beckman electrode, 
standardized with Na,CO,-sodium borate buffer (pH 10-0) 
for pH values above 9-5. An electrode assembly mounted in 
a thermostat maintained at 20° (Coates, 1945) was used for 
the high pH values. 

When the effect of time was being investigated, the pieces 
were removed, weighed, and returned to the solution again. 
During these experiments the pH fell slightly, probably 
owing to hydrolysis of the collagen and absorption of CO,. 
This fall was small and insufficient to affect the conclusions 
drawn from the results. 

For the swelling curve of gelatin, 0-05 g. of leaf gelatin, 
in pieces of 1sq.cm. area were placed in 100ml. of 
NaOH solutions of varying pH values. The solutions were 
previously cooled to 0° and kept at this temperature for 
3 days. This temperature was chosen in preference to 20° in 
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order to minimize solution of the gelatin. The pieces of 
gelatin were removed and lightly wiped with blotting paper. 
The solutions were warmed to 20° and the pH values 
determined. The N contents of the majority of the solutions 
were determined by a micro-Kjeldahl method (Markham, 
1942). Assuming that the N was all derived from solution of 
the gelatin (an assumption which will not be greatly in error 
except where low concentrations of N are involved), and 
taking the N content of the gelatin as 18%, the amount of 
gelatin which had dissolved was calculated. Allowance was 
made for dissolved gelatin in calculating the percentage 
water uptake of the gelatin. 
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RESULTS 


The effect of time on swelling. The effect of time on 
the swelling of oxhide collagen in solutions of 
sodium and calcium hydroxides is shown in Fig. 1. 
The pH values of the solutions at the end of 3 and 
18 days are recorded on the graph. The curves are 
similar in shape to those obtained by Jordan Lloyd 
(1920) with gelatin, and by Balfe, Beakbane & 
Wallis (1945) for collagen in acid solutions. There was 
a rapid uptake of water from all the solutions during 


100 
0 10 20 30 40 50 60 70 
Time (days) 
Fig. 1. The effect of time on the swelling of collagen in alkaline solutions. 

pH at pHat pH at pHat 

3days 18 days 3 days 18 days 
x, NaOH 11-34 10-80 A, NaOH 13-65 — 
©, NaOH 12-84 12-83 +, NaOH +0-1% Na,S 12-72 12-67 
V, NaOH 13-05 13-02 @, Saturated Ca(OH), 12-66 12-66 
OH, NaOH 13-32 13-21 @, Saturated Ca(OH), +0-1% NaS 12-72 12-69 


In all experiments swelling was taken as the amount of 
solution held expressed as a percentage of the weight of the 
moisture- and ash-free collagen or gelatin. 

The pH values quoted refer to the pH at 20°. In alkaline 
solutions the pH decreases as the temperature increases, 
whereas the pOH, which is the important factor governing 
the swelling, remains unaltered. For this reason the 
solutions used in the determination of the swelling curve 
of gelatin were warmed to 20° before the pH was deter- 
mined. 


the first 2 days, followed, with one exception, by a 
further increase which was not complete at the end of 
72 days. This further increase in water uptake 
became more pronounced as the pH increased. At 
pH 13-32 the curve rose quite sharply and after 
21 days the collagen began to disintegrate. At 
13-65, the highest pH value examined, the water up- 
take increased steadily and’ at the end of the fourth 
day the collagen was almost completely dissolved. 
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At the end of 3 days the swelling in excess of that 
occurring in the isoelectric range was half as great 
with calcium as with sodium hydroxide at the same 
pH, but as time elapsed swelling increased more 
rapidly in calcium than in sodium hydroxide solu- 
tions, so that at the end of 70 days there was little 
difference in the swelling of the two samples. 
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11-5 and 13-0 and then increased again very rapidly 
with further rise in pH. There is no evidence that the 
guanidino groups in collagen begin to titrate below 
pH 13-3 (Bowes & Kenten, 1948a), or that there is 
any large increase in the number of titratable groups 
during 3 days’ exposure to pH values of this order 
(Bowes & Kenten, 19486). Further, the amide N 
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Fig. 2. Swelling of collagen D in hydrochloric acid/sodium chloride and sodium hydroxide/sodium chloride systems at 20°; 
©, no salt; A, 0-05m-NaCl; +, 0-1m-NaCl; x, 0-2m-NaCl; [], 0-5m-NaCl; 7, 2m-NaCl. 


The swelling of collagen in sodium hydroxide and 
sodium hydroxide/sodium chloride solutions. The 
swelling of alkali-treated sheepskin collagen in 
solutions of sodium hydroxide and hydrochloric acid 
over the pH range 0-5—13-5 is shown in Figs. 2 and 3. 
The curve for hydrochloric acid is included for pur- 
poses of comparison ; it has the usual shape of such 
curves and calls for no special comment. 

Swelling increased fairly sharply with rise in pH 
up to about 11-5, increased less rapidly between pH 


of sheepskin E was only reduced from 0-39 to 
0-22 mmol./g. on treatment in a sodium hydroxide 
solution at pH 13-4 for 3 days. It is unlikely, there- 
fore, that this last rapid increase in swelling is due to 
increased formation of protein salt and hence to in- 
crease in the forces drawing the water into the 
collagen (swelling pressure). Thus, swelling in alka- 
line solutions differs markedly from that in acid 
solutions in showing no decrease at high concentra- 
tions as predicted by the Donnan theory. 
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Tn acid solutions swelling decreased progressively 
as the concentration of sodium chloride was in- 
creased, and at concentrations of 0-5m was almost 
completely suppressed (Fig. 2). In solutions of 
sodium hydroxide the effect of salt was much less 
marked; although there was an appreciable decrease 
in swelling in the presence of 0-05m-sodium chloride, 
further increase in the salt concentration had only 
a comparatively small effect and at pH values above 
13-0 the effect was hardly perceptible (Figs. 2 and 3). 
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collagen, breakdown of structural factors is also in- 
volved. The existing swelling curves of gelatin do not 
offer conclusive evidence on this point, and the 
swelling curve of gelatin was accordingly determined 
at 0°, this temperature being chosen in preference to 
20° in order to minimize solution of the gelatin. 
Corrections were made for the gelatin dissolved 
(p. 2). 

The swelling of gelatin (Fig. 4) increased with pH 
up to 12, decreased between pH 12-0 and 12:8, and 
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Fig. 3. Swelling of collagen E in sodium hydroxide/sodium chloride systems at 20°; 
©, no salt; x, 0-2m-NaCl; [1], 0-4m-NaCl. 


The swelling of gelatin in sodium hydroxide solu- 
tions at 0°. The increased swelling of collagen at high 
pH values may be due to breakdown of reticular 
tissue and elastin, to the removal of other structural 
factors restricting swelling, or to loosening of inter- 
molecular forces such as salt links and hydrogen 
bonds. If the swelling curves of gelatin and collagen 
at high alkalinities are similar in shape, then it is 
probable that breakdown of intermolecular forces is 
the main cause of the decrease in cohesion, whereas 
if the curves differ in shape it suggests that, with 


then increased again rapidly with further rise in pH, 
until at pH values above 13-5 the gelatin disin- 
tegrated. There was a definite minimum at pH 
12-7-12-8; hence it would appear that swelling 
takes place in accordance with the Donnan theory 
up to about pH 12-8 and only at higher pH 
values does some other factor come into play. 
This additional factor presumably involves the 
breakdown of intermolecular linkages, which leads 
to loss of cohesion and eventually to solution of the 
gelatin. 
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Consideration of the swelling curves in relation to the 
Donnan theory of membrane equilibria 


From observation of the swelling curves alone it is 
difficult to estimate the extent to which water uptake 
diverges from that predicted by the Donnan theory, 
and hence to deduce the part played by decrease 
in cohesion in determining swelling. Swelling of 
fibrous proteins in acid and alkaline solutions is 
considered to be the result of the excess osmotic 
pressure (swelling pressure) in the protein phase 
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thus a measure of the forces restricting swelling, i.e. 
the cohesion of the protein. Cohesion here includes 
any force restricting swelling, such as interweaving 
of the fibres, network formation of reticular tissue or 
elastin and intermolecular forces such as salt links 
and hydrogen bonds. On the basis of the Donnan 


a a=y(y+z), 


and e’ = 2y+z—22, 


where x and y are the molar concentrations of hydro- 
gen or hydroxyl ions in the external and protein 







Swelling (g. water/100 g. gelatin) 
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Fig. 4. Swelling of gelatin in solutions of sodium hydroxide at 0°. 


arising from the difference in concentration of the 
diffusible ions in the protein and the external phase, 
equilibrium being reached when the osmotic pressure 
is balanced by the cohesive forces of the protein 
(Procter & Wilson, 1916). With gelatin, Proctor & 
Burton (1916) have shown that e’=CV, where e’ is 
the difference in concentration of diffusible ions, V is 
the increase in volume of a given amount of gelatin, 
and C is a constant, which they term the ‘bulk 
modulus’ of the protein. For any given value of e’ 
the increase in volume is dependent on C which is 


phases respectively, and z is the equivalent concen- 
tration of the protein anion or cation, whence 


e’ = — 2ut+ o/ (40? +2). 


Hence, e’ and C may be calculated from a knowledge 
of the external pH, the acid or alkali bound by the 
protein and the increase in volume. With a fibrous 
protein, such as collagen, such calculations cannot be 
precise. Difficulty arises in allotting a value to z, 
since the volume available for solution in the internal 
phase is in doubt, and the increase in volume V is 
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difficult to determine accurately. In making the 
following calculations it has been assumed that all 
the water held by the collagen is available forsolution 
and as an approximation the water uptake, in excess 
of that occurring in the isoelectric range, in ml./g., 
was taken as V. 

On this basis e’ and C were calculated for the 
following samples of collagen: (1) oxhide, using the 
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closely woven than those of oxhide, thus offering 
less resistance to swelling, and the large difference in 
the value of C for the two types of skin indicates that 
the interweaving of the fibres must play a large part 
in determining cohesion. The corresponding value of 
C for gelatin in hydrochloric acid solutions is 0-00021 
(Procter & Burton, 1916), i.e. 100 times smaller than 
the value for alkali-treated sheepskin. 


Table 1. Typical values of C, Procter’s ‘bulk modulus’ 


(C=e'/V, where V is the increase in volume of the protein in ml./g. and e’ is the difference in concentration between the 


protein and the external phase in mol./1.) 


Sodium chloride concentratioa (m) 


gin i I 
a 


a 
Oxhide: 0-0 0-05 
Acid solutions 0-127 —_ 
Alkaline solutions, pH 10—12-5 0-075 _ 
Alkaline solutions, pH 13-5 0-008 _— 
Alkali-treated oxhide: 
Acid solutions 0-111 —_— 
Alkali-treated sheepskin D: 
Acid solutions 0-019 0-024 
Alkaline solutions, pH 10-12-5 0-013 0-016 
Alkaline solutions, pH 13-5 0-001 0-005 
Alkali-treated sheepskin E: 
Acid solutions 0-021 —_ 
Alkaline solutions, pH 10-12-5 0-020 — 
Alkaline solutions, pH 13-5 0-002 -- 


swelling and titration curves obtained by Bowes & 
Kenten (1948a, 6); (2) alkali-treated oxhide, using 
the swelling curves obtained by Balfe & Fowler 
(1948) and the titration curves of Retterova (1948); 
(3) alkali-treated sheepskin, using the present curves 
and the titration curves of Bowes & Kenten (19485). 

These calculations show that e’ decreases as the 
pH increases above 12-0, e.g. with sheepskin collagen 
the value of e’ decreases from 0-056 at pH 12-0 to 
0-005 at pH 13-5. It follows, therefore, that the in- 
creased water uptake at high pH values cannot be 
due to an increase in swelling pressure, but must be 
attributed tc a decrease in cohesion. 

Typical values of C under various conditions are 
given in Table 1. For any one sample the values of C 
are approximately constant between pH 1 and 3 and 
between 10-5 and 11-0, the values being slightly lower 
in alkaline solutions than in the corresponding acid 
solutions. Above pH 12-5 the values of C decrease 
sharply. C is not affected by additions of sodium 
chloride up to 0-1M, but at higher concentrations it 
begins to decrease and with 0-5m-sodium chloride it 
is reduced to about one-quarter of the value found in 
the absence of salt. The value of C for alkali-treated 
collagen is slightly less than that of untreated col- 
lagen, showing that such treatment reduces co- 
hesion. The values for the alkali-treated shespskin 
collagens are only about one-fifth of those of the 
alkali-treated oxhide collagen under corresponding 
conditions. The fibres of sheepskin are much less 


0-10 0-2 0-4 0-5 
— 0-122 — Large 
0-013 — _- 0-003 
0-002 ee ~~ <0-001 
ie 0-016 0-010 ine 
— <0-001 <0-001 aed 
DISCUSSION 


This investigation shows that decreases in cohesion 
must play a much more important part in deter- 
mining the swelling of fibrous proteins in alkaline 
solutions than in acid solutions. This can be quali- 
tatively deduced from the shape of the curves and is 
borne out by mathematical analysis of the results on 
the basis of Procter’s theory. 

On the assumption that the value of C is an 
approximate measure of cohesion, it may be con- 
cluded that the cohesion of collagen in alkaline solu- 
tions is less than in acid solutions at corresponding 
pH values. The effect is small at pH values up to 
12-5, but becomes increasingly marked at higher pH 
values, the value of C decreasing nearly tenfold 
between pH 12-5 and 13-5. This decrease in cohesion 
should eventually lead to solution of collagen and 
this in practice does occur, if the pH and the time 
of treatment is sufficiently long (p. 2). In this 
connexion it may be noted that collagen may be left 
in asuspension of calcium hydroxide (pH 12-6 at 20°) 
for long periods without obvious damage, but on 
subsequent warming the collagen is much more 
readily converted to gelatin. 

The presence of sodium chloride at concentrations 
of 0-2 or greater also appears to decrease cohesion, 
with 0-5m-sodium chloride the effect being equiva- 
lent to a 25% decrease in C. Salts are known to 
affect the swelling of proteins in the isoelectric 
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range, but in general the effect appears to be smaller 
than at higher pH values, and takes place at higher 
concentrations of salt (cf. Page & Page, 1927). 
Kunitz (1929-30) finds that the elasticity of gelatin 
in the isoelectric range is only appreciably affected 
when the salt concentration exceeds 0-8M. 

The reason why salts almost completely suppress 
the swelling of gelatin in alkaline solutions, while 
only having a comparatively small effect on the 
swelling of collagen, is related to the much larger 
uptake of water by gelatin. Because of this the con- 
centration of diffusible ions in the gelatin phase is 
comparatively low, and hence the difference in con- 
centration between the internal and external phases 
is reduced to negligible proportions by quite low con- 
centrations of salt which have no effect on cohesion. 

The first rapid swelling observed when collagen is 
placed in alkaline solutions is probably due to 
osmotic effects. The further slow increase taking 
place over long periods of time may be due to com- 
bination of base with additional groups liberated as 
a result of hydrolysis of peptide and amide bonds 
and the consequent formation of an increased 
amount of protein salt ; or more probably, in view of 
the limited chemical changes of this kind which take 
place (Bowes & Kenten, 19486), to a decrease in the 
cohesion of the collagen. Since the further increase 
in swelling is more marked with calcium than with 
sodium hydroxide at the same pH value, the calcium 
ion appears to be more effective in decreasing co- 
hesion than the sodium ion. 

The decrease in cohesion observed in alkaline 
solutions is apparently not primarily associated with 
breakdown of the main polypeptide chains, since 
apart from some loss of amide nitrogen and hydro- 
lysis of a very small number of peptide links there is 
little chemical change in the collagen (Bowes & 
Kenten, 19486). Further, since a prolonged alkaline 
soak is an important pretreatment in one method of 
preparation of gelatin, the collagen presumably 
eventually goes into solution in the form of large 
polypeptides and not as peptides. Comparison of the 
swelling curves of collagen and gelatin suggests that 
the increased swelling of both proteins at high pH 
values is primarily due to the same cause, probably 
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breaking of intermolecular links such as hydrogen 
bonds. However, the existence of a minimum in the 
pH range 12-0-12-8 with gelatin, but not with 
collagen, suggests that with collagen breakdown of 
structural features restricting swelling, such as 
reticular tissue, elastin, etc., may also be involved. 
It is uncertain how far the effects on cohesion ob- 
served in alkaline solutions are permanent and in- 
fluence the subsequent behaviour of the collagen. 
Some effect certainly remains, since the increase in 
swelling in the acid or isoelectric range following 
alkaline treatment is greater than can be accounted 
for, on the basis of an increase in the number of re- 
active groups (Bowes & Kenten, 19486). Provided 
the decrease in cohesion is not too great and the 
polypeptide chains are not forced too far apart, it 
would appear reasonable to assume that the process 
ean largely be reversed, the intermolecular links. 
between the chains reforming as water is withdrawn. 


SUMMARY 


1. The swelling of collagen in sodium hydroxide 
solution increases progressively with increase in pH, 
and shows no decrease at high pH values correspond- 
ing to that occurring in acid solutions below pH 2-0. 

2. The addition of small amounts of sodium 
chloride (0-05m) decreases swelling at pH values up 
to 12-5, but at higher pH values has little effect. 
Higher concentrations of salt cause little further 
decrease in swelling. 

3. Consideration of the curves in relation to the 
Donnan theory indicates that decrease in cohesion 
plays an important part in determining swelling in 
alkaline solutions. There is some decrease in cohesion 
at all pH values above 11-0, but more especially 
above 13. 

4. Sodium chloride tends to decrease cohesion. 

5. Decrease in cohesion is in part due to break- 
down of structural features, but in the main to 
breaking of intermolecular links. 


Thanks are due to the Council of the British Leather 
Manufacturers’ Research Association for permission to 
publish this paper. 
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A Study of the Peptides of Cystine in Partial Hydrolysates of Wool 
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Although much work has been carried out on the 
disulphide group of wool, no information has been 
obtained as to which particular amino-acid residues 
are linked with cystine in the wool polypeptide 
chain. Such information seems specialiy desirable 
because wool and the related keratins are character- 
ized by a high cystine content. Both amino and both 
carboxyl groups of cystine are probably involved in 
peptide linkages (Geiger, Harris, Mizell & Patterson, 
1941; Lindley & Phillips, 1945), and Phillips (1946), 
on the basis of differences of reactivity of the com- 
bined cystine of wool towards sodium bisulphite and 
other mild reagents, has suggested that the more 
reactive fraction is associated with a polar environ- 
ment. Consden, Gordon & Martin (1949) succeeded 
in identifying a number of lower peptides of glutamic 
and aspartic acids in partial hydrolysates of wool, 
and we were encouraged to apply similar methods to 
identify the peptides of cystine. Although Consden 
et al. (1949) found that some peptides of cystine with 
dicarboxylic amino-acids were present in a 3-day 
partial hydrolysate of wool, much more of the cystine 
of such hydrolysates occurred in the neutral iono- 
phoretic fraction. The problem was, therefore, to 
separate the cystine peptides from this complex 
mixture, before attempting to employ paper chro- 
matography. This has been achieved by oxidation 
which easily converts the disulphide groups into 
sulphonic acids. The cysteic acid and cysteic acid 
compounds thus produced could then be separated 
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from the non-acidic constituents. The latter would of 
course include any peptide which contained an equal 
number of cysteic acid and basic residues. Oxidation 
has additional advantages: first, acidic substances 
are the easiest to investigate (Consden ef al. 1949); 
secondly, conversion to sulphonic acids avoids 
working with cystine compounds, which in general 
do not behave satisfactorily on paper chromato- 
grams. 

The object of the present investigation was to 
demonstrate the presence of as many peptides of 
cystine as possible (in the derived form of peptides of 
cysteic acid). This has proved much simpler than the 
investigation of the peptides of aspartic and glutamic 
acids, since, among other reasons, only one acidic 
amino-acid is here involved. The results obtained 
have already been given in a preliminary report 
(Consden & Gordon, 1948a). 

The stages of the analysis are shown in Fig. 1. 
Acidic peptides and amino-acids in partial hydro- 
lysates of wool were first removed chromatographic- 
ally on an anion-exchange resin and the non-acidic 
fraction was then oxidized with bromine water. The 
cysteic acid and acidic cysteic acid peptides were 
then separated from non-acidic substances by re- 
peating chromatographic separation on the anion- 
exchange resin. This was followed by ionophoresis, 
which separated the acidic peptides into groups with 
similar electrical mobilities. Each group was then 
examined by chromatography on paper and the sub- 
fractions thus obtained were hydrolysed and the 
constituent amino-acids identified. Further, those 
amino groups not involved in peptide linkage were 
destroyed by deamination and the amino-acids re- 
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maining after hydrolysis were identified. In many 
cases the sub-fractions from the paper chromato- 
grams were found to consist of single dipeptides of 
cysteic acid. Identification of some of these was con- 
firmed by comparison of their ionophoretic and 
chromatographic properties with those of the syn- 


Wool 
| Hydrolysis _] 
|_Desalting "| 
ra IR-4 
Neutral and basic Acidic amino-acids 
amino-acids and peptides 
and peptides 
— 
[Amberlite IR-4] 
Neutral Cysteic acid and 
and basic cysteic-acid peptides 
amino-acids 
and peptides 











paration 
dimensional chromatography 





Deamination and 
hydrolysis 





Identification by Identification by 
chromatography chromatography 


Fig. 1. Successive stages of analysis of cystine peptides. 


thetic peptides. In other cases, where the synthetic 
peptide was not available, confirmation was ob- 
tained by comparison with closely related synthetic 
peptides. As in the investigation of peptides of di- 
carboxylic amino-acids (Consden et al. 1949) the 
amounts of peptides present were assessed roughly 
by comparison of the intensities of the amino-acid 
spots produced after hydrolysis with the intensities 
produced by known amounts of amino-acids (cf. 
Polson, 1948). 

For the oxidation of the cystine fraction, bromine 
water was used, since the reaction is mild and the 
conversion is quantitative. The hydrobromic acid 
formed is easy to remove and there is little likelihood 
of deep-seated changes in other amino-acid residues 
except that of tyrosine which undergoes substitution 
in the benzene ring. Other mild oxidizing agents 
might also be used, for example, performic acid, 
which was employed by Sanger (1947) to split insulin 
into its peptide sub-units. Hydrogen peroxide, 
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however, was precluded, because of the possibility of 
the production of intermediate oxidation products 
from the cystine. Evidence for this has been found 
by Harris & Smith (1937) for the combined cystine of 
wool, and further direct evidence has been obtained 
in the present investigation, both for free cystine and 
combined cystine. These intermediates are undesir- 
able, since of the two probable products, the disul- 
phoxide (Toennies & Lavine, 1936) is a neutral sub- 
stance and hence would be lost in the preliminary 
stages, and the sulphinic acid readily dismutes under 
hydrolysis conditions to cysteic acid and cystine 
(Lavine, 1936) ; the latter would introduce complica- 
tions in the analysis of the peptides. 


EXPERIMENTAL 


General chromatographic methods. Separations on resin, 
ionophoresis, working up of ionophoretic fractions and 
analysis on paper chromatograms were carried out as 
described by Consden et al. (1949). In all cases, two- 
dimensional chromatography of the ionophoretic fractions 
was carried out with s-collidine as first solvent, and with 
phenol used in an atmosphere of coal gas and NH, as second 
solvent. (These solvents will henceforth be referred to as 
‘collidine’ and ‘phenol’, respectively.) Hydrolysis of the 
chromatogram spots indicated that a large amount of 
material was present in some of the spots so that when 
deamination, followed by hydrolysis, was carried out on 
replicate chromatograms, a small proportion of the extract 
of these spots was hydrolysed as well to serve as a control 
for the deamination procedure. Chromatography in phenol 
was generally sufficient for the identification of the amino- 
acids produced after hydrolysis or after deamination 
followed by hydrolysis, but in some cases, where it was 
necessary to distinguish between fast-running amino-acids, 
especially valine, leucine, proline and phenylalanine, o- 
cresol was employed (Consden, Gordon & Martin, 1944) in 
an atmosphere of NH, produced from a 0-3 % (w/v) solution 
at the bottom of the chamber. Following Moore & Stein 
(1948), 8-hydroxyquinoline (0-1%) was added to this 
solvent. In this system, good chromatograms were obtained 
in which proline appeared, after ninhydrin treatment, as a 
yellow spot becoming pink on continued heating, between 
the spots of leucine and phenylalanine. In some cases 
extracts of the peptide spots from replicate chromato- 
grams, after hydrolysis, were chromatographed in collidine 
as well as in o-cresol and phenol in order to examine for 
basic amino-acids. After chromatography of all the treated 
peptides, acidified ninhydrin was used to spray the chro- 
matograms in order to neutralize the alkaline material 
formed from the salts introduced during hydrolysis 
(Consden & Gordon, 1948). 

Hydrolysis of wool and preliminary separation. The wool 
used was similar to that previously described (Consden et al. 
1949). Partial hydrolysis was carried out with 10N-HCl at 
37°. Hydrolysis for 3 days only was first attempted, but the 
mixture was found, by analysis on paper chromatograms 
after separation on resin and oxidation, to be too complex, 
apparently containing many tripeptides and higher peptides 
of cysteic acid. Hydrolysis for 10 days proved to give a 
sufficient amount of lower peptides for further investigation. 
After removal of most of the HCl by repeated evaporation 
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Table 1. Nitrogen distribution after Amberlite separation 
10-day hydrolysate 


3-day SS ees 
hydrolysate Z II 
N N N 
\ C ‘ 
(% of (% of (% of 
(mg.) total) (mg.) total) (mg.) total) 
Initial value 232-7 ~- 212-4 _: 212-4 — 
Fraction 1-2 (aspartic and glutamic acid fraction) 63-5 27-1 44-8 21-1 40-1 18-9 
Fraction 2-1 (neutral and basic fraction) 99-8 42-8 131-7 62-0 134-5 63-4 
Fraction 2-2 (cysteic acid fraction) 17-6 7-6 21-7 10-0 19-8 9-3 
Recovery (%) — 77-5 — 93-1 — 91-6 
in vacuo, with successive additions of water, the mixture Distance 
(containing 212-4mg. N) was treated in the desalting ~~. — 
apparatus (Consden, Gordon & Martin, 1947), brought to a 60 orias oe sects “a” 
pH of about 4 with n-HCl and transferred quantitatively to (broken lines) bands (control exp.) 
a column of Amberlite IR-4 (height 30 cm., diam. 1-5 cm.) ‘Danie aud 


which had been adjusted to pH 3-4 (Consden, Gordon & 

Martin, 1948). The column was washed with water, the first 

100 ml. of eluate were collected (fraction 1-1) and, as judged 

by chromatography on paper using phenol, contained 50 

neutral and basic but no acidic amino-acids or peptides. 

The acidic fraction (1-2) was then eluted with n-HCl, the 

movement of the pigment band serving as guide to its 

complete elution. Fraction 1-1 was then cooled in ice water 

and Br, water added until no further absorption of Br, took 

place. The solution was then repeatedly evaporated in vacuo 

<40° with successive additions of water, to remove excess 40 

Br, and the bulk of the HBr and finally left overnight in 

vacuo over KOH. The syrup was taken up in 2-3 ml. water, 

transferred quantitatively to a column of Amberlite pre- 

cisely similar to that used above, and eluted with water. 

Portions of the eluate were tested by paper chromatography. 

The first 50 ml. contained most of the neutral and basic 30 

constituents; a further 20 ml. contained only traces of these, 

whilst no ninhydrin-colouring constituents were present in 

subsequent eluates. A total of 100ml. was collected 

(fraction 2-1), after which the column was washed with 

n-HCl to elute the acidic fraction, progress being again 

observed by the movement of the black pigment band. 20 

After this had run out, no further ninhydrin-colouring con- 

stituents appeared. A total of about 70 ml. was collected 

(fraction 2-2). Two separate portions (I and IT) of a 10-day 

hydrolysate were fractionated in this way and the N 

distributions (Kjeldahl) are given in Table 1. For com- 

parison, the data for the 3-day hydrolysate are also given. 

All figures are corrected for the N of the Amberlite blanks. 
Fraction 1-1 from a third portion of the 10-day hydrolysate 

was treated with excess Br, water and the N determined 


Di- or tri-peptides con- 
A sisting of one (CySO;H) 
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B As A and free cysteic 
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ome Cysteic acid 
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(Kjeldahl). 100% of the N was recovered. pe SS : 
Fractions 2-2 of I and II were found by two-dimensional : 
chromatography in collidine-phenol to contain much 4 
cysteic acid and peptides whose spots were relatively weaker il ci decennial cual eeees 
in intensity. Many of the latter were yellow at first, slowly “ 
changing on standing, or more quickly on continued heating, . 7 
to purple. Extraction and hydrolysis of the peptide spots No colour Yyy Strong purple 
from duplicate chromatograms indicated that they were Yi Natlonss tice P 
mainly due to lower peptides of cysteic acid. Therefore this aya HLT | finally purple g 
material was further investigated as described below. Medium purple dl 
Ionophoresis and chromatography of fractions. Fraction 2-2 , pe 
of II was combined with part of fraction 2-2 of I and con- Fig. 2. Ionophoresis of cysteic acid fraction of wool E 
centrated to a vol. of 10ml. The solution contained 23 mg. N. hydrolysate. 5] 
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Sodium silicate (4:3N, 1-1 ml.) was added and the mixture 
brought to a pH of about 7 with N-acetic acid (0-2 ml.), 
using bromothymol blue as internal indicator. This solution 
was placed in the gutter of the ionophoresis trough, where it 
set in a few minutes. Ionophoresis was then carried out at 
a potential of 300 V. and current of 0-3 amp. After 65 hr. 
the current was stopped and a paper print taken. Four 
contiguous bands and a fifth separate band were revealed, 
all of which had moved towards the anode and, by reference 
to the print, the jelly was cut into eight sections (A—H) as 
shown in Fig. 2. After working up of the fractions, each was 
made up to a volume giving a suitable concentration for 
chromatography. This was judged by preliminary trials on 
one-dimensional chromatograms in phenol and in collidine. 
Two-dimensional chromatography was carried out on all 
fractions except C, a control mixture of amino-acids being 
chromatographed in each direction on the same sheet. 
Peptide spots were examined after extraction from replicate 
chromatograms coloured with dilute ninhydrin (0-01% in 
aqueous 7-butanol). Diagrams of the control chromato- 
grams of fractions D-H, coloured with 0-1% ninhydrin in 
aqueous -butanol, are shown in Figs. 3-7 and the results of 
analysis of the peptide spots are given in Table 2. Abbrevia- 
tions for amino-acids or their residues are as follows (Brand 
& Edsall, 1947): Ala, alanine; cg, arginine; Asp, aspartic 
acid; (CySO;H), cysteic acid; Glu, glutamic acid; Gly, 
glycine; Leu, leucine; Lys, lysine; Phe, phenylalanine; 
Pro, proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, 
valine. Where the order of the residues has not been estab- 
lished, the symbols are enclosed in square brackets. In- 
tensities of amino-acid spots after hydrolysis and after 
deamination followed by hydrolysis are denoted by the 
symbols ‘ x ’ and ‘?’ which have the same significance as in 
the paper of Consden et al. (1949). The spots indicated by 
shaded areas proved to consist of traces of free amino-acids. 
The broken lines represent yellow ‘salt’ spots. In the 
description which follows, colours and intensities of spots 
are those developed after treatment with ninhydrin. 


Analysis and identification of 
chromatographic fractions 


Fraction A. The results given in Table 2 were obtained 
from one-dimensional chromatograms developed in phenol, 
analyses being carried out as described by Consden, 
Gordon & Martin (1947). Spot 1 was very slow moving 
(Rp, 0-03). Other spots on hydrolysis gave only small 
amounts of aspartic and glutamic acids, and traces of 
neutral amino-acids and are not included in Table 2. 

Fractions B and C. Fraction B was found to consist 
largely of free cysteic acid, and also yielded very faint spots 
similar to those of fraction A. N (Kjeldahl) of this fraction 
was 0-52 mg. Fraction C consisted of cysteic acid and con- 
tained 2-90 mg. N. The N analyses of both these fractions 
were carried out on the desalted solutions. 

Fraction D (Fig. 3). Spots 2 and 3 were cut from a large 
spot which was more intensely coloured at its right edge. 
These and spot 4 were yellow at first, finally changing to 
purple. Spot 1 was faint grey. To confirm the presence of 
B-sulphoalanylglycine in spots 2 and 3, fraction D (approx. 
5%) mixed with the synthetic peptide (approx. 10 ug.) was 
chromatographed in two dimensions with the same solvents 
and for the same time as was done with fraction D alone. 
Except that the intensity of coloration at the edge of 
spots 2 and 3 was now somewhat stronger, the mixed 
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chromatogram was indistinguishable from that of fraction 
D alone. 


Collidine (41 hr.) 


0 QW B 


Glu |0 Wy 


Phenol (41 hr.) 





Asp 


srl? NY 
2 8 ww 


LysArg Gly ProVal Leu Tyr 
Phe 


Fig. 3. Two-dimensional chromatogram of fraction D. In 
Figs. 3-7, the arrows show the direction of the developing 
solvents. The black dot indicates the origin. The spots of 
the developed chromatogram are outlined by black lines; 
shaded areas represent traces of free amino-acids; the 
areas outlined by broken lines represent the yellow ‘salt’ 
spots. The small spots at the edges represent the amino- 
acids of the control mixtures. 


) 


- Collidine (65 hr.) 


Phenol (65 hr 


(CySO,H) 
Asp 


Glu 


Ser 





Gly 
LysArg  GlySer Pro Val Leu 
Ala 
Fig. 4. Two-dimensional chromatogram of fraction Z. (The 
position of spot 6 is computed from a chromatogram 
developed for 41 hr. in each direction.) 


Fraction E. Fig. 4 is a composite diagram of two chro- 
matograms of this fraction. One chromatogram was de- 
veloped for 65 hr. in both directions in order to separate 
adequately the spots in the upper part of the chromatogram. 
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Under these conditions, spot 6 was washed off the sheet. 
The other chromatogram was developed for a shorter time 
(41 hr.) in both directions for the analysis of spot 6. Spots 2, 
5 and 6 were yellow at first, finally becoming strongly 
purple. Spot 3 was grey. A second deamination and hydro- 
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served between the mixed chromatograms and that of 
fraction E alone. 

Fraction F (Fig. 5). Spots 1-3 were not well separated and 
weak, and part of this area was yellow at first, turning 
purple. These spots were not deaminated as they were not 


Table 2. Analysis 


(Amino-acids formed after hydrolysis (H) or deamination followed by hydrolysis (D) of peptide spots from 


see Consden et al. 1949.) 


H 

Frac- Spot or 

tion no. D (CySO;H) Asp Glu 

A Lo xx x x 
i DPD x —- ? 

D : -& x — ? 
2H x — — 
2 D x x —_— — 
a @f nee — 
3 D = —_ 
4 H x _ —_— 
4 D — — _— 

E i x — — 
i: 2 x — — 
24H 36. as — 
2 D x — — 
3 A x — a 
8 D x - 
4 H x x a — 
4 D x — — 
5 A x —_ _— 
5 D — _ _ 
6 KK 
6 D —_ 

F a a — ~- 
32 2xxxxx = —_— 
8 H xxxx — — 
4 4H x xX — _ 
4 D xxxx — _— 
a x — — 
5 D ? —- — 
6 ZF x x — ~- 

G 2. BE static — _- 
3 Hxxxxx, — — 
8 H xxxx — 
4 H xxxx — — 
4 D x 56 os _ 
5 Hxxxxx — — 

H i = SX x BENE 
2 2 x — — 
3 x x — 
4 dH x _— _ 
5S 2 xe MX = 
6 H xxxx — me 
|, xx x ? 


lysis of spots 5 and 6 were carried out in order to chro- 
matograph in o-cresol. To confirm the presence of glycyl- 
cysteic acid and f-sulphoalanylleucine, two separate mixed 
chromatograms of this fraction (about 2%) with each of the 
synthetic peptides (about 10 ug.) were developed, that with 
the former peptide being developed longer in both solvents 
than that with the latter peptide. No difference was ob- 


Ser Gly Thr Ala Tyr Val 
? ? — a a — 
i ? a a oe wuss 
oe x — a oe —o 
— - ? a a 
= x Xx _ x —_ 
— — —_— x — 
—_ —_ _ xx _— _— 
a x ae oe = 
xXx — — _ — — 
— — x as — — 
r ? x — = on 
_— _ x 
- —- <= ee 
x ? _— —_ ies 
x x 26 396 969 x — — 
x x so x — — 
~ — — — — x 
_ _ _ — — xx 
——" 

x — _ a % x 
2.58, a = — “= xx 
os — ao x —- 26 56:3 
— —- x x a xs 
— — _ a — 56 3 
_ — _— —_ 5 
-- “= - — a me Misses 
-- —— — —_ ~ x 
_— _— _ _ _— x 
— — — a x 
_ a= — —— ~ x 
oo oo — —_ IO IEX % x 
— = om —_ xxXXX x xX 
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sufficiently well separated and not enough material was 
available for the separate chromatograms which would have 
been necessary for their analyses. Spot 6 was faint and did 
not appear in earlier chromatograms, so that, because of 
lack of material, deamination could not be carried out. 
After hydrolysis of all the spots, chromatography was 
carried out in phenol. After deamination and hydrolysis, 
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spots 4 and 5 were chromatographed in o-cresol. Portions of 
spots 4 and 5 were also hydrolysed and chromatographed in 
this solvent. 

Fraction G (Fig. 6). The spots of this fraction were faint, 
land 3 being grey. Chromatography of the hydrolysed spots 


of fractions 
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graphy of the hydrolysed spots in phenol, o-cresol and 
collidine. Synthetic dibromo-L-tyrosine (Zeynek, 1921) had 
Ry, values similar to spot 5 (0-66 and 0-66 in collidine and 
phenol respectively) and gave a blue-grey colour with nin- 
hydrin. 


chromatograms of the ionophoretic fractions. Symbols ‘ x’ and ‘?’ refer to the strengths of the spots after H or D; 
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was first carried out in phenol. From another chromato- 
gram, spots 1-6 were hydrolysed and chromatographed in 
o-cresol; this solvent was used for chromatography of spot 
4 after deamination. 

Fraction H (Fig. 7). Spot 5 was a strong blue-grey colour. 
The contiguous spot 6 was a moderately strong purple. 
Separate chromatograms were prepared for chromato- 


R, values of synthetic peptides 
of cysteic acid 
The R, values are given in Table 3. Both glycine peptides 
were rather elongated in collidine. No spots due to 
contaminants were present in any of the chromato- 


grams. 
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Ionophoretic rates of synthetic peptides of cysteic acid > Collidine (41 hr.) 


These determinations were carried out under almost the 
same conditions as those used for the ionophoresis of the 
cysteic acid fraction of the wool hydrolysate. In this case 
the length of the jelly was 25 cm. and instead of a gutter, 
holes 1 cm. in diameter were made in the exposed strip of 
jelly near the cathode. In the first experiment, carried out Glu 
with L-cysteic acid (control), glycyl-L-cysteic acid and B- 
sulpho-L-alanylglycine, of each compound approx. 5 mg. 
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Fig. 5. Two-dimensional chromatogram of fraction F. 


were dissolved in a mixture of water (0-6 ml.) and 4-3Nn-Na 
silicate (0-09 ml.), and a very small amount of solid bromo- Val 
thymol blue added. The solutions were brought to pH 6-7 can 
by addition of N-acetic acid (approx. 0-1 ml.) and each 

solution was transferred to one of the holes. After setting, 

current was allowed to pass for 42 hr. at a potential of 

250 V. At the end of this time, the lid was slid off and the 
paper print showed three spots which had moved towards 
the anode. The distance of each from the origin was 
measured. In the second experiment, carried out under 
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Fig. 7. Two-dimensional chromatogram of fraction H. 





Table 3. R, values of peptides of cysteic acid and of certain amino-acids derived from cystine 
(P, purple; B, blue; YP, yellow first, turning purple.) 







Solvent systems 



















Phenol n-Butanol 

coal-gas 8-hydroxy- with 

NH,* s-Collidine quinolinet ninhydrin 
Disulphoxide derived from cystine 0-11 0-36 — P 
Cystine sulphinic acid 0-11 0-37 — 2 
S-Benzyleysteine 0-91 0-87 0-76 B 
Glycyl-L-cysteic acid 0-09 0-34 _ YP 
B-Sulpho-t-alanylglycine 0-10 0-48 _— Y—P 
L-Leucyl]-L-cysteic acid 0-40 0-49 —_ hg 
B-Sulpho-t-alanyl-t-leucine 0-40 0-56 “ YP 





* Aqueous NH; (0-3%, w/v) on floor of chamber. T 0-1% solution. 
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similar conditions, one solution contained L-leucyl-L-cysteic 
acid, the second, f-sulpho-t-alanyl-L-leucine and the third, 
a mixture of all four peptides and L-cysteic acid. The paper 
print showed single spots from each of the first two. Only 
four spots were obtained from the third, glycyl-t-cysteic 
acid and f-sulpho-t-alanyl-L-leucine not having separated. 
The mean relative rates (cysteic acid=1) are given in 
Table 4 and plotted on Fig. 2 in such a way as to make the 
cysteic acid bands coincide. 


Table 4. Relative ionophoretic rates of 
peptides of cysteic acid 


Rate of movement 


towards anode 
Peptide (cysteic acid = 1) 
Glycyl-.-cysteic acid 0-60 
B-Sulpho-t-alanylglycine 0-86 
L-Leucyl-L-cysteic acid 0-44 
B-Sulpho-t-alanyl--leucine 0-61 


Titration curves of glycyl-L-cysteic acid 
and B-sulpho-L-alanylglycine 


Each peptide, dried to constant weight (approx. 20 mg.), 
was dissolved in water (5 ml.) and transferred to the 
chamber of a glass electrode, fitted with a cork through 
which passed the tips of a burette and of a tube connected 
with a N, cylinder. pH measurements were made after 
small additions of CO,-free 0-1N-NaOH from the burette. 
A stream of N, was passed through the solution during the 
titration. The results are shown graphically in Fig. 8. The 
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Fig. 8. Titration curves of glycyl-L-cysteic acid, —O—O—; 
{and £-sulpho-L-alanylglycine, —@—@—. 


high value for the titration of glycyl-L-cysteic acid at pH 
values >10 is probably due to incomplete exclusion of CO, 
and to the effect of salt accumulated from the KCl bridge 
during the titration. The dotted line represents the theo- 
retical end point. 


Interpretation of results of analysis of chromatograms 


Fraction A. This fraction contains very little 
peptide material; most of that present appears to 
consist of cysteic acid linked with dicarboxylic 
amino-acid residues. The presence of the tripeptides 
[Asp, Glu, (CySO;H)] cannot be excluded. 

Fraction D (Fig. 3). Spot 1 is considered to be due 
to a peptide [Glu, (CySO,H)] rather than to a 
mixture of free glutamic and cysteic acids, each of 
which would occur in different parts of the chro- 
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matogram. In fact, a faint glutamic acid spot was 
present well separated from spot 1 (Fig. 3). The 
presence of (CySO;H).Gly in cuts 2 and 3 was con- 
firmed by mixed chromatograms with the synthetic 
peptide and by the closely similar ionophoretic 
rate of this fraction and that of the synthetic peptide 
(Fig. 2). The presence of Gly .(CySO,H), in smaller 
proportion than (CySO,H).Gly in cut 3 is probably 
due to overlapping with fraction H which contains 
much more of the former. Free cysteic acid cannot 
be excluded from cut 2, as this is its expected position 
and because fraction D is contiguous with Fraction 
C, which consists mainly of free cysteic acid. 
(CySO,H). Ala is clearly present in spot 4 and its 
presence in cut 3 must arise through the proximity 
of 3 and 4. 

Fraction E (Fig. 4). The interpretation of the 
results for this fraction is straightforward, and con- 
firmation of the presence of Gly.(CySO,;H) and 
(CySO,H).Leu has been obtained both from mixed 
chromatograms and from ionophoretic rates. 

Fraction F (Fig. 5). Spots 1, 2 and’3 probably 
contain dipeptides arising from overlapping with 
fraction HZ. Spot 4 appears to contain much more 
Leu.(CySO,H) than (CySO;H).Leu since a much 
higher proportion of cysteic acid than leucine remains 
after deamination. Phe. (CySO,H) is also considered 
to be present in spot 4. Analternative interpretation, 
i.e. that a tripeptide [Phe, (CySO,H), Leu] is present, 
is unlikely because such a peptide would be expected 
to have a higher R, value in collidine and phenol 
than spot 4 and to have a lower ionophoretic rate 
than fraction F. The tripeptide (CySO,H), [Pro, Val] 
is considered to be present in spot 5 rather than di- 
peptides [(CySO,H), Pro] and [(CySO,H), Val], both 
of which would be expected to have much lower R, 
values in phenol than spot 5. Moreover, the latter 
dipeptide is actually present in spot 6, which is well 
separated from spot 5. 

Fraction G (Fig. 6). This fraction must consist 
mainly of tripeptides and higher peptides of cysteic 
acid. The presence of dipeptides [(CySO,H), Ser] and 
[(CySO,H), Val] are excluded from spot 1, as they 
would be expected to occupy different positions on 
the chromatogram. Too many amino-acids are pro- 
duced after hydrolysis of spot 2 for the results to be 
clearly interpretable, but tripeptides [Val, Leu, 
(CySO,H)] are probably absent since the presence of 
Val and Leu would be expected to result in a higher 
R, value in collidine, but tripeptides, consisting of 
[(CySO,H), Pro] with Val or Leu are probably 
present. These peptides also appear to be present in 
spot 4, although the proline was at first missed 
because after hydrolysis chromatography was 
carried out in phenol. When o-cresol was used, how- 
ever, after deamination, proline was revealed (see 
Table 2). The very high intensities of the cysteic acid 
and valine spots after hydrolysis of spot 5 suggests 
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that [Val, (CySO;H)] occurs here, which is likely 
since this spot occupies a position similar to spot 6 
of the contiguous fraction F. 

Fraction H (Fig. 7). Most of the spots in this 
fraction give too many amino-acids on hydrolysis for 
the results to be clearly interpretable. Peptides of 
high molecular weight appear to be present, especi- 
ally in spots 1 and 3 which give basic amino-acids on 
hydrolysis. Tripeptides consisting of one residue of 
cysteic acid with two of the higher monoamino- 
monocarboxylic acids may be present, e.g. in spots 
5 and 6. Such an interpretation would be consistent 
with their relatively high R, values and relatively 
slow ionophoretic rates. Free dibromotyrosine is 
considered to be present in spot 5 (and probably in 
the contiguous spot 6) since, from the pK of its OH 
group (Winneck & Schmidt, 1935), it would be ex- 
pected to have a small net negative charge at pH 
about 7 and hence to move slowly towards the 
anode. Moreover, spot 5 is in the position to be ex- 
pected for dibromotyrosine and of a similar colour. 
Di- or tri-peptides containing cysteic acid and di- 
bromotyrosine residues are considered to be absent 
from spots 5 and 6, as the presence of (CySO,H) 
would be expected to have a marked retarding effect 
in the phenol direction and to confer a higher iono- 
phoretic rate. 





Intermediate oxidation products of cystine formed 
by hydrogen peroxide 


The disulphoxide derived from L-cystine was prepared by 
the method of Toennies & Lavine (1936) and f-sulphiny]-t- 
alanine was prepared from this by the method of Lavine 
(1936). Both compounds had similar Ry values in phenol 
and collidine (Table 3). Mixed chromatograms of either 
with cysteic acid, developed in phenol, showed two distinct 
spots. These compounds were each treated with 6N-HCl at 
105° for (a) 5hr. and (b) 17hr. After removal of HCl, 
chromatograms were developed in phenol. With (a) a faint 
spot of unchanged material was seen against the back- 
ground of the grey elongated spot of cystine, which with 
cysteic acid was present as the strongest component. With 
(b) only a trace of unchanged material could be seen. 

L-Cystine (100 mg.) in 2N-HCl (1 ml.) was treated with 
26% (w/v) H,O, (0-3ml.). After shaking for 5 min. 
(solution still strongly positive to KI), the solution was 
repeatedly evaporated in vacuo below 40°, after successive 
additions of water, to remove excess HCl and H,0,. Treat- 
ment with H,O, as above was also carried out in 3% (w/v) 
NH, solution. Phenol chromatograms revealed in the case 
of treatment in acid, strong spots of cysteic acid and cystine 
and a moderately strong spot of an intermediate oxidation 
product, the latter having the same R, value as the sul- 
phinic acid or the disulphoxide. In the case of treatment in 
NH;, both cystine and intermediate oxidation product were 
relatively much weaker. No intermediate oxidation product 
was observed in either case when H,O, treatment was pro- 
longed (17 hr.). 

To wool (approx. 200 mg.) in 3% (w/v) NH, was added 
26 % H,O, (w/v) (0-5 ml.). The mixture was allowed to stand 
at room temperature for 2 hr. with occasional shaking. After 
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rinsing with water, the wool was divided into two equal 
portions. One portion was hydrolysed with 6N-HCl at 105° 
for 5 hr., the other was hydrolysed for 17 hr. One-dimen- 
sional chromatograms in phenol revealed a trace of inter- 
mediate oxidation product in the latter and a somewhat 
larger amount in the former. The intermediate oxidation 
product was seen on a two-dimensional chromatogram of the 
5 hr. hydrolysate (0-5 mg.) developed in collidine (42 hr.) 
and phenol (17 hr.) as a faint but distinct purple spot 
occupying the expected position of the disulphoxide or 
sulphinic acid. 


Synthesis of peptides of L-cysteic acid 


Glycyl-L-cysteic acid was prepared from diglycyl- 
L-cystine by oxidation with bromine (White, 1933). 
B-Sulpho-t-alanylglycine and f-sulpho-L-alanyl-L- 
leucine were prepared by condensing the acid 
chloride or azide of N-carbobenzyloxy-S-benzyl-L- 
cysteine (Harington & Pitt-Rivers, 1944) with the 
esters of glycine and leucine respectively, saponifica- 
tion, removal of the protective groups by sodium in 
liquid ammonia and oxidation of the cysteinyl 
peptides with bromine. i-Leucyl-L-cysteic acid was 
prepared by condensing N-carbobenzyloxy-t-leucyl 
chloride with S-benzyl-L-cysteine ester and then 
treating as above. Washing of the acid chlorides with 
water, prior to coupling, was not found to have any 
advantage (cf. Synge, 1948) and appreciably hydro- 
lysed the acid chloride group of N-carbobenzyloxy- 
S-benzyl-L-cysteinyl chloride. It was found that the 
latter could be coupled directly with L-leucine and 
that N-carbobenzyloxy-S-benzyl-t-leucyl chloride 
could be coupled with S-benzyl-L-cysteine, thereby 
avoiding the stages of preparation of amino-acid 
ester and of saponification; though the yields were 
not high, they were comparable with the overall 
yields of the ester method. Paper chromatography 
was used to check the progress of the stages of these 
syntheses. 

EXPERIMENTAL 


Cand H analyses were carried out by Drs Weiler and Strauss, 
Oxford. N analyses were done by the micro-Kjeldahl 
method. 

Glycyl-i-cysteic acid was prepared by oxidation of di- 
glycyl-t-cystine (Abderhalden & Spinner, 1919) as de- 
scribed by White (1933). It had [a]}" — 13-9° (I, 2; ¢, 1-08 in 
water). 


B-Sulpho-u-alanylglycine 


S-Benzyl-L-cysteine prepared by reduction of L-cystine by 
Na in liquid NH, and treatment with benzyl chloride as 
described by Audrieth, du Vigneaud & Loring (1930) had 
[a]%”-5-15° (I, 2; c, 0-97 in N-HCl) and [a]>" +26-0° 
(l, 2; c, 0-96 in N-NaOH). Hagediis (1948) gives [«]p, +29° 
in n-NaOH. (See Table 3 for R, values.) 

N-Carbobenzyloxy-S-benzyl-L-cysteine. To S-benzyl-L-cys- 
teine (5 g.) in N-NaOH (30 ml.) was added carbobenzyloxy 
chloride (4 ml.) and 2N-NaOH (16 ml.) in four equal 
portions with shaking at 0°. After the last addition, the 
flask was shaken at room temperature for 0-5 hr. The 
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mixture was alkaline to thymolphthalein throughout. On 
acidification with HCl (thymol blue), a gummy solid was 
precipitated which was washed by decantation with n-HCl 
and finally with water. After drying, the compound was 
crystallized from CHCl,-cyclohexane. Yield, 8 g. (needles), 
m.p. 96-97°. (Found: N, 4:0. C,,H,,O,NS requires N, 
41%.) 

N-Carbobenzyloxy-S-benzyl-L-cysteinylglycine ester. (a) N- 
carbobenzyloxy-S-benzyl-L-cysteine azide was coupled with 
glycine ester as described by Hagediis (1948), who did not 
isolate the product. The compound was crystallized from 
ethyl acetate-cyclohexane and had m.p. 94-95°. Yield, 
29g. from 3-5g. N-carbobenzyloxy-S-benzyl-t-cysteine 
hydrazide. (Found: C, 61-9; H, 6-0; N, 6-5. C..H,,0;N,S 
requires C, 61-4; H, 6-1; N, 65%.) After hydrolysis with 
6N-HCI for 17 hr. at 105°, chromatography in phenol gave 
spots of glycine and of S-benzylcysteine of equal intensities. 

(b) Carbobenzyloxy-S-benzyl-t-cysteine (1 g.) was shaken 
with PCI, (0-7 g.) in dry ether at 0-10°. The solution was 
added to solution of glycine ethyl ester in dry ethyl acetate, 
prepared from 2 g. glycine ethyl ester hydrochloride. The 
precipitated glycine ester hydrochloride was filtered off and 
the solution washed with n-HCl, saturated KHCO, and 
finally water. After drying over Na,SO,, the organic 
solvent was removed by distillation in vacuo. The gum, after 
crystallization from ethyl acetate-cyclohexane, had m.p. 94° 
(0-5 g.) undepressed when mixed with the product from (a). 
When mixed with carbobenzyloxy-S-benzyl-L-cysteine the 
m.p. was 74~-77°. When the acid chloride from 5g. N- 
carbobenzyloxy-S-benzyleysteine was washed with water 
prior to coupling (cf. Synge, 1948), carbobenzyloxy-S- 
benzyl-L-cysteine (1 g.), m.p. 92°, mixed m.p. 93-95° with 
an authentic sample, was recovered from the bicarbonate 
washings of the coupled product. 

N-Carbobenzyloxy-S-benzyl-L-cysteinylglycine. This was 
obtained by saponification of the above ester (3-4 g.) in 
methanol (20 ml.) with 2n-NaOH (4 ml.). The gelatinous 
precipitate obtained on dilution with water and acidifica- 
tion was filtered and washed with water. The material 
could not be obtained crystalline. It had m.p. 86° (2-6 g. 
powder from aqueous ethanol or CHCI,-cyclohexane). 
Hagediis (1948) gives m.p. 80-82°. The m.p. was depressed 
10-20° when mixed with the ester of N-carbobenzyloxy-S- 
benzyl-L-cysteine. (Found: N, 6-8; calc. for C,>H,.0;N,S 
N, 7:0%.) Hydrolysis and chromatography in collidine gave 
two spots, glycine and S-benzylcysteine, of equal intensity. 

L-Cysteinylglycine. The above compound (2-5 g.) was dis- 
solved in liquid NH, and sufficient Na (0-4 g.) added to give 
a permanent blue. Powdered (NH,),SO, (3-0 g.) was then 
added and the mixture left to evaporate. The mixture was 
taken up in 0-5n-H,SO, (25 ml.). The layer of toluene was 
separated and the aqueous portion filtered. Mercuric 
sulphate reagent (Kendall, McKenzie & Mason, 1929) was 
added until no further precipitation took place. The mixture 
was filtered and the precipitate washed successively with 
0-5n-H,SO, and water, and then decomposed with H,S and 
filtered from HgS. The latter was re-treated with H,S. The 
combined filtrates were concentrated in vacuo <40° to a 
volume of about 20 ml. and treated in the desalting 
apparatus (Consden, Gordon & Martin, 1947) to remove 
H,SO, and salts. The filtered solution was concentrated in 
vacuo to small bulk. Addition of ethanol precipitated a gum. 
When this was washed with ethanol several times by de- 
cantation, a powder (0-5 g.) was obtained, which was de- 
liquescent. For analysis the peptide was dried in vacuo at 
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room temperature to constant weight. (Found: C, 33-4; 
H, 5-5; N, 15-7. C;H,,O,N.S requires C, 33-7; H, 5-6; 
N, 15-7%.) 

B-Sulpho-u-alanylglycine. The above peptide (0-3 g.) was 
dissolved in water, cooled in iced water and treated with a 
solution of Br, in CHCI, until no further decoloration took 
place. The water and CHCl, were evaporated in vacuo and 
repeatedly evaporated in vacuo with additions of water. 
After leaving over KOH in vacuo for 48 hr., the gum was 
rubbed with ethanol and washed several times by decanta- 
tion with ethanol. The peptide formed a deliquescent powder 
(0-35 g.). For analysis it was dried in vacuo at room 
temperature to constant weight. (Found: N, 12:3. 
C;H,,0,N.S requires N, 124%.) It had [«]}” +22-5° 
(l, 2; c, 0-58 in water). Hydrolysis and chromatography in 
phenol gave two spots, glycine and cysteic acid, of equal 
intensity. Deamination followed by hydrolysis gave glycine 
only. 

L-Leucyl-L-cysteic acid 


N-Carbobenzyloxy-u-leucyl-S-benzyl-L-cysteine ethyl ester. 
N-Carbobenzyloxy-t-leucine (1-3 g.) was shaken in dry 
ether with PCI, (1-5 g.) at 0-10°. The mixture was filtered 
from the slight excess of PC], through glass wool into an 
ethyl acetate solution of S-benzyl-L-cysteine ethyl ester 
(4g.), freed from the hydrochloride as described by 
Harington & Pitt-Rivers (1944). On shaking, crystals of 
S-benzyl-L-cysteine ethyl ester hydrochloride were formed, 
which were removed by filtration. The ethyl acetate solu- 
tion was washed successively with N-HCl, saturated KHCO, 
and water, and dried over Na,SO,. The bulk of the ethyl 
acetate was evaporated in vacuo. To the concentrated 
solution was added cyclohexane. The ester crystallized in 
clusters of short needles (1-1 g.), m.p. 117°. (Found: 
C, 64-4; H, 7-1; N, 5-8. C,,H,,0;N.S requires C, 64-2; H, 
7-0; N, 58%.) Yield was not improved when the acid 
chloride was washed with water prior to coupling with the 
ester in the presence of saturated KHCO,. On hydrolysis 
and chromatography in collidine, two spots, leucine and S- 
benzyleysteine, of equal intensity, were obtained. 

N-Carbobenzyloxy-u-leucyl-S-benzyl-L-cysteine. (a) The 
above ester (4 g.) from several preparations was dissolved in 
methanol (20 ml.) and treated with 5n-NaOH (2-5 ml.). On 
shaking, a heavy layer was formed which disappeared on 
continued shaking at room temperature for 1 hr. The solu- 
tion was diluted with water and acidified with 5n-HCl. The 
white precipitate, after filtration and washing with water, 
was crystallized from methanol. The compound formed 
needles (2 g.) m.p. 170°. (Found: C, 62-3; H, 6-4; N, 6-0. 
C.4H0;N.S requires C, 62-9; H, 6-6; N, 6-1%.) 

(6) To a solution of S-benzyl-L-cysteine (0-7 g.) in 2N- 
NaOH (2 ml.) was added, in three equal portions, an ether 
solution of the acid chloride of N-carbobenzyloxy-t-leucine, 
prepared from 1 g. of the acid and PCI, (1 g.). The solution 
was kept at 0° and shaken vigorously after each addition. 
Before each addition of acid chloride, sufficient 2N-NaOH 
was added to maintain the mixture alkaline to thymolph- 
thalein. The ether layer was removed and the aqueous 
solution acidified with HCl. A gum was precipitated which 
quickly solidified on rubbing. On crystallization from 
methanol, needles (0-3 g.) were obtained, m.p. 166—167°, 
undepressed by admixture with (a) above. 

The compound from (a) or (b) after hydrolysis and chro- 
matography in collidine gave two spots, leucine and S- 
benzylcysteine, of equal intensity. 

9 
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L-Leucyl-L-cysteine. The above compound (1g.) was 
treated with Na in liquid NH, as described for the prepara- 
tion of L-cysteinylglycine. The crude peptide from the 
desalted solution was obtained from aqueous ethanol as a 
powder (0-2 g.). (Found: C, 45-8; H, 7-7; N, 11-7.C,H,,0,N.S 
requires C, 46-2; H, 7-7; N, 120%.) 

L-Leucyl-L-cysteic acid was obtained as a white deli- 
quescent powder (aqueous ethanol) from L-leucy]-L-cysteine 
(0-09 g.) by treatment with Br,. Hydrolysis and chromato- 
graphy in phenol gave two spots, leucine and cysteic acid, of 
equal intensity. Deamination followed by hydrolysis gave 
eysteic acid only. For analysis, it was dried in vacuo at room 
temperature to constant weight. The peptide had [«)," 
+22-6° (1, 2; c, 0-4 in water). (Found: C, 38-1; H, 6-4; 
N, 10-0. C,H,,0,N.S requires C, 38-3; H, 6-4; N, 9-9%.) 


B-Sulpho-u-alanyl-L-leucine 


N-Carbobenzyloxy-S-benzyl-L-cysteinyl-L-leucine ethyl ester. 
(a) N-carbobenzyloxy-S-benzyl-L-cysteine (1-7g.) was 
converted to the acid chloride with PCI, (1-1 g.) in ether and 
the solution was added to an ethyl acetate solution of L- 
leucine ethyl ester prepared from the ester hydrochloride 
(4-4 g.); the leucine ethyl ester hydrochloride (1-6 g.) which 
precipitated was removed by filtration and the solution 
washed successively with N-HCl, saturated KHCO, and 
water and dried over Na,SO,. The solution was concen- 
trated in vacuo. Addition of light petroleum (b.p. 40-60°) 
precipitated a gum, which became solid after leaving in the 
refrigerator. On recrystallization from CHCl, light petro- 
leum, the ester formed clusters of needles (1-2 g.), m.p. 
67-69°. (Found: C, 63-6; H, 6-9; N, 5-5. C.g,H,,0;N.S re- 
quires C, 64-2; H, 7-0; N, 5-8%.) Hydrolysis and chro- 
matography in collidine gave two spots, leucine and S- 
benzyleysteine, of equal intensity. (b) This compound 
(3-3 g.) m.p. and mixed m.p. with (a), 67-69°, was also pre- 
pared by coupling the azide from N-carbobenzyloxy-S- 
benzyl-L-cysteine hydraziac (3 g.) with L-leucine ethyl ester 
(from 7 g. of the hydrochloride). 

N-Carbobenzyloxy-S-benzyl-L-cysteinyl-L-leucine. (a) The 
ester (3-3 g.) from (b) above, was dissolved in methanol 
(20 ml.) and treated with 2n-NaOH (4 ml.). After shaking 
for 1 hr. at room temperature, the solution was diluted with 
water and acidified with HCl. An oil was precipitated, 
which on cooling became a sticky solid. It was soluble in 
ether. Attempts to convert this to crystalline material were 
unsuccessful. The ester from (a) above (0-7 g.) also gave a 
gum on saponification which could not be crystallized, but 
in this case, the substance was not completely soluble in 
ether. A white powder was left which crystallized in needles 
(0-15 g.) from aqueous methanol. It melted with decom- 
position at 182—185° and contained 5-9% N. It was easily 
soluble in dilute NH,, from which it was precipitated un- 
changed by acid. It gave no colour with ninhydrin, and on 
hydrolysis and chromatography in collidine gave one spot 
only which was leucine. The nature of this by-product was 
not further elucidated. Hydrolysis of the main gummy 
product and chromatography in collidine gave two spots, 
leucine and S-benzyleysteine, of approximately equal in- 
tensity. (6) N-Carbobenzyloxy-tL-cysteine (1-2 g.) was con- 
verted into the acid chloride with PCI, (0-8 g.) in ether and 
added in several portions to L-leucine (0-4 g.) in 2N-NaOH 
(2 ml.) at 0° with additions of 2N-NaOH to keep the 
mixture alkaline to thymolphthalein. After each addition 
the mixture was shaken vigorously. The ether layer was 
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removed and acidification of the aqueous solution precipi- 
tated a gum which also could not be rendered crystalline. 
In this case, no by-product was produced. Hydrolysis and 
chromatography in collidine gave two spots, leucine and 
S-benzyleysteine, of approximately equal intensity. 

L-Cysteinyl-L-leucine. The gum above (2 g.) in liquid NH, 
was treated with Na and worked up as described above for 
the other peptides of cysteine. The peptide was obtained as 
a fluffy white powder (0-4 g.) from aqueous ethanol. (Found: 
C, 45-7; H, 7-7; N, 11-7. C,H,,0,N.S requires C, 46-2; 
H, 7:7; N, 12:0%.) 

B-Sulpho-t-alanyl-L-leucine was obtained by treatment of 
the above peptide (0-3 g.) with Br, in CHCl, as a white 
powder from aqueous ethanol. It slowly lost weight on 
heating to 40-50° at <0-1 mm. over P,O,, finally reaching 
a constant weight. (Found: C, 35-7; H, 6-9; loss in weight, 
5-7. C,H,,0,N.S.H,O requires, C, 36-0; H, 6-7; loss in 
weight, 6-0%.) N analyses were carried out on the an- 
hydrous substance. (Found: N, 10-2. C,H,,0,N.S requires 
N, 9:9%.) Hydrolysis and chromatography in phenol gave 
two spots, leucine and cysteic acid, of equal intensity. 
Deamination, followed by hydrolysis, gave only one spot 
which was leucine. It had [a], * 411-2° (1, 2; c, 0-8 in water). 


DISCUSSION 


Several dipeptides of cysteic acid have been 
identified. These are given in Table'5; the figures 
indicate the relative amounts present and have been 
computed by comparison of the intensities of the 
spots formed by chromatography of the hydroly- 
sates of each peptide (Table 2) with those of standard 
amounts of amino-acids as described by Consden 
et al. (1949). Only those peptides for which there is 
definite evidence have been included in Table 5. 


Table 5. Dipeptides of cysteic acid identified in a 
partial hydrolysate of wool after oxidation with 
bromine, with their approximate proportions 

N (mg./100 g. of wool N) 

present as peptide of X 

+cysteic acid. 
NH, group of cysteic 
acid residue 


Amino-acid (X) linked 
with cysteic acid (N 
not less than 2% 
total N of wool) 


Combined Free 
Aspartic acid 2 — 
Glutamic acid 2 — 
Serine 60 —— 
Glycine 24 10 
Threonine 20 20 
Alanine 30 14 
Valine = 20 
Leucine 8 10 
Phenylalanine — 4 
Proline — — 
Tyrosine — — 
Total 146 78 


Valyleysteic acid is probably present (in fraction F), 
but has not been included because identification was 
not rigidly established. £-Sulphoalanylserine is 
probably absent in the hydrolysate, since it has been 
shown by Casal & Desnuelle (1948) that the peptide 
bond involving the amino group of serine is particu- 
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larly labile. But it does not follow that this linkage is 
absent in the intact protein. Although Casal & 
Desnuelle (1948) found that the corresponding 
threonine peptide linkages were also labile, B-sulpho- 
alanylthreonine was found in this investigation, 
which suggests that a relatively high proportion of 
threonine may be linked through its amino group 
with cystine in the original wool. Dipeptides of 
tyrosine and cysteic acid would have been present as 
dibromotyrosine peptides and these appear to be 
absent. The occurrence of peptides consisting of di- 
carboxylic amino-acids with cysteic acid is difficult 
to explain, since acidic compounds of aspartic and 
glutamic acids should have been separated by the 
first Amberlite treatment. It may, however, be sig- 
nificant that no other dipeptide of glutamic or 
aspartic acid was found in any of the fractions; if 
present, these would have appeared on the chromato- 
grams as spots well separated from the cysteic acid 
peptide spots. Consden et al. (1949) found that the 
peptides of cystine with dicarboxylic amino-acids 
were present only in small amounts relative to many 
of the other dipeptides of glutamic and aspartic 
acids, so that had a portion of the dicarboxylic amino- 
acid fraction not been retained after the initial 
Amberlite treatment, peptides of glutamic and 
aspartic acids with neutral amino-acids would have 
finally appeared in relatively larger amounts than 
peptides of cysteic acid with dicarboxylic amino- 
acids. A possible explanation for the presence of 
these latter peptides is that they were originally 
present as peptides of cystine linked to asparagine or 
glutamine residues; being neutral they would not be 
retained by the Amberlite. The subsequent treat- 
ments prior to ionophoresis might have hydrolysed 
the amide groups. Rees (1946) has shown that a very 
small proportion of the original amide nitrogen of 
proteins is still present after hydrolysis carried out 
under conditions similar to those employed in this 
investigation. Nevertheless, whatever the explana- 
tion these results confirm that dicarboxylic amino- 
acids are linked with cystine in wool. 

In a control experiment of Consden eé al. (1949), 
designed to estimate the losses at each stage, it was 
found that, with amino-acids, the final spot strengths 
accounted for only about 30% of the original 
material. Most of this loss occurred during the final 
stages. If it is assumed that the peptide losses in the 
present investigation are similar, then the nitrogen 
of the peptides identified accounts for about 0-75 % 
of the wool nitrogen or 7:-6% of the cysteic acid 
fraction. Free cysteic acid amounts to 14-9% of 
this fraction, so that, altogether, 22-5% of this 
fraction is accounted for. Forreasons similar to those 
given by Consden e¢ al. (1949) in the case of glutamic 
and aspartic acid peptides, the cysteic acid peptides 
were probably present in the hydrolysate in much 
larger amounts than indicated by these figures. 
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Since the disulphide bond of cystine has been 
broken by oxidation, the present investigation gives 
no information concerning the residues in combina- 
tion with the same cystine residue. However, the 
present results show that cystine is linked with most 
of the monoamino-monocarboxylic acids and that 
most of these are linked both through an amino and 
through a carboxyl group of cystine. This was found 
to be true also for the dicarboxylic amino-acids 
(Consden et al. 1949), but certain differences may be 
noted. Apart from those containing phenylalanine 
and dicarboxylic amino-acids, the amounts of the 
various peptides of cysteic acid isolated do not differ 
very widely, suggesting that the monoamino-mono- 
carboxylic acids are more equally distributed 
between the cystine residues than between dicarb- 
oxylic amino-acid residues. Seryleysteic acid 
appears to be present in the highest relative con- 
centration, but in the case of the dicarboxylic amino- 
acids peptides of serine occurred in much smaller 
relative proportion. This suggests that a larger pro- 
portion of serine occurs in combination with cystine 
than with glutamic and aspartic acids. Conversely, 
a relatively high proportion of tyrosine was found 
linked with glutamic acid, in marked contrast to the 
failure to find any of this amino-acid linked with 
cysteic acid in the present investigation. These re- 
marks may require modification when data on 
kinetics of hydrolysis of more of these peptides 
become available. 

No dipeptide of proline with cysteic acid was 
found, but isolation of proline dipeptides has in our 
experience proved difficult (Consden, Gordon, 
Martin & Synge, 1947; Consden e¢ al. 1949). How- 
ever, there would seem to be evidence for the occur- 
rence of tripeptides and higher peptides containing 
proline residues. It therefore appears likely that 
proline residues occur near to, if not next to, cystine 
residues. 

An important factor which has contributed to the 
successful separation of some of the cysteic acid 
peptides has been the difference between the two 
dipeptides of cysteic acid and a given amino-acid in 
respect to chromatographic rates in collidine and in 
ionophoretic rates. It has been found that the 
peptide in which the amino group of cysteic acid is 
free has a higher R, value in collidine and moves 
faster towards the anode than the peptide in which 
the amino group of cysteic acid is protected. The 
explanation, which is evident from the titration 
curves of glycyleysteic acid and f-sulphoalany]l- 
glycine (Fig. 8), is that the amino group of the latter 
is distinctly weaker (pK,, about 6-9) than the amino 
group of the former (pK,, about 8-9), whose pK, 
value is similar to, or perhaps slightly higher, than 
that of other dipeptides (Edsall, 1943). At the pH 
of the ionophoresis, therefore, the amino group of 
B-sulphoalanyl peptides would be partially de- 
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ionized and would carry a higher net negative 
charge than the peptides in which the cysteic acid- 
amino group was protected. The latter would also be 
expected to have smaller RP, values in collidine, due 
to their more strongly basic character. Similar pairs 
of peptides of aspartic acid have not been observed 
to show such marked differences in ionophoretic and 
chromatographic properties (Consden et al. 1949). 
It appears, therefore, that the weakening of the 
amino group is associated with the proximity of the 
sulphonic acid group. 





SUMMARY 


1. A method is presented for the identification of 
lower peptides of cystine in partial hydrolysates of 
wool. 

2. Thirteen dipeptides were identified and a 
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number of higher peptides of undetermined residue 
order. 

3. It is concluded that, in wool, most of the mono- 
amino-monocarboxylic acids are combined both 
through their amino and carboxy] groups to residues 
of cystine. 

4. The results are compared with those of a 
similar investigation on the peptides of the dicar- 
boxylic amino-acids in partial hydrolysates of wool. 

5. Evidence has been obtained for the formation 
of intermediate oxidation products of combined 
cystine by the action of hydrogen peroxide on wool. 

6. A number of dipeptides of L-cysteine and of 
L-cysteic acid were synthesized. 

Thanks are due to the Director and Council of the Wool 
Industries Research Association for permission to publish 
this work and to Miss W. M. Stanier for assistance with the 
syntheses. 
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The Respiration of Rat-liver Slices in the Presence of 
Some Aliphatic Amines, Hydroxy Amines 
and Quaternary Ammonium Salts 
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Eperjessy & Zathureczky (1947) have examined the 
action of certain aliphatic amines and related com- 
pounds on the aerobic metabolism of liver tissue from 
fasted rats. They state that these substances, when 
added to a medium containing liver slices respiring 
in oxygen, bring about a marked reduction in the 
value of the R.Q. without altering the level of oxygen 
uptake. This effect was claimed to occur at very low 
concentrations of added substance, a substantial re- 
duction of R.Q. usually being found at 2 x 10->m and 
in some instances an effect was seen at 2-5 x 10-®m. 
The compounds tested were choline chloride, tetra- 
methylammonium iodide and the hydrochlorides 
of ethylamine, trimethylamine, ethanolamine and 
triethanolamine, the last mentioned being the most 
active of the series. The authors have interpreted 
their results as a simultaneous stimulation of fat 
metabolism and inhibition of carbohydrate meta- 
bolism by the amines and other substances used. 

A careful examination of the experimental data 
presented by Eperjessy & Zathureczky (1947) has 
revealed that, in certain respects, their findings are 
quantitatively at variance with those of other 
workers in this field. Attention is especially directed 
to the following points relating to their observations 
on liver slices from fasted rats, respiring in the 
absence of added amines, i.e. the endogenous respira- 
tion. (1) The oxygen consumption rates are very 
low. Although they do not use the conventional 
Qo, units (l./mg. dry wt./hr.), their figures for 
oxygen uptake, when converted to this system, 
yield values in the range 3-1—3-9; this is much below 
the generally accepted level of about 7-10 (Edson, 
1936; Bach & Holmes, 1937; Craig, 1943; Fuhrman 
& Crismon, 1944). (2) The R.Q. values, given as lying 
in the range 0-92—1-01 (four experiments), are higher 
than any previously reported for liver slices from 
fasted rats; other workers have invariably obtained 
much lower figures, falling within the range 0-34- 
0-68 (Dickens & Simer, 1931; Elliott & Baker, 1935; 
Elliott, Greig & Benoy, 1937). 

In view of these discrepancies and the clearly im- 
portant bearing of the effect obtained with choline 
chloride on the general problem of lipotropic action, 
it was felt necessary to repeat the experiments of the 


Hungarian workers. Values for Qo, and R.q. have 
been obtained for liver slices from fasted rats which 
are in complete agreement with the earlier work 
referred to above, and in contrast to the findings of 
Eperjessy & Zathureczky (1947). Seven aliphatic 
amines, hydroxy amines or quaternary ammonium 
salts, including five of those previously mentioned, 
have been tested at 2x 10-°m and 2x 10-*m con- 
centration ; in general, these additions did not affect 
the values of Qo, or B.Q. Experiments were also 
conducted on liver slices from well-fed rats, but again 
the substances tested were without effect on the 
respiration. Finally, the extent of carbohydrate 
utilization or formation (glyconeogenesis) in rat liver 
was determined directly, but the figures obtained 
were not markedly influenced by the addition of the 
aliphatic amines. In short, the data presented in this 
paper offer no support for the claims of Eperjessy & 
Zathureczky. 
EXPERIMENTAL 


Materials 


Amines, hydroxy amines and quaternary ammonium salts. 
The best available commercial samples of dimethylamine 
hydrochloride, trimethylamine hydrochloride, choline 
chloride and tetramethylammonium iodide were em- 
ployed. Specimens of ethanolamine and triethylamine were 
neutralized with HCl before use. Triethanolamine hydro- 
chloride was prepared from a technical sample of the free 
base by treating a 20% (v/v) ethanolic solution with a slight 
excess of conc. HCl; the precipitated salt was twice re- 
crystallized from aqueous ethanol. 

Hexosediphosphate (HDP). A solution of the Na salt was 
prepared by adding the calculated amount of aqueous Na 
oxalate to a solution of 200 mg. of Ca HDP, dissolved in the 
minimum quantity of dil. HCl; the mixture was neutralized 
with NaOH, made up to 10 ml. with distilled water and the 
Ca oxalate ppt. removed by centrifugation. An earlier 
determination had shown 15-8% Ca in the sample of Ca 
HDP (cale. for C,H,)0,.P,Ca,; Ca, 19-2%). Where this 
solution was used, 0-1 ml. was added to 0-9 ml. respiration 
medium to give a final concentration of 0-004M. 

Respiration medium. A phosphate-buffered medium was 
used, prepared by mixing 1 vol. of 0-2m-Sérensen phosphate 
buffer, pH 7-4, with 3 vol. of 0-12mM-KCl. Thus the final 
medium contained 0-05M-phosphate and 0-09M-chloride; 
the atomic Na/K ratio was 0-45/0-55, and the medium was 
practically isotonic with mammalian tissues. 








22 C. LONG 


Methods 


General technique. Young adult male or female rats, 
belonging to the hooded Rowett Institute strain, were 
taken from the laboratory stock; they usually weighed 
200-300 g. and were maintained on an adequate diet. When 
fasted animals were required, food was removed from the 
cage 24 hr. before they were killed, but water was supplied 
ad lib. 

The rats were killed by decapitation and bleeding; the 
two large lobes of liver were removed and transferred to 
ice-cold respiration medium in a small beaker surrounded 
by crushed ice. After 2 min. the lobes were cut into small 
pieces of approx. 30-40 sq.mm. cross-section. Slices were 
cut either by the method of Deutsch (1936), as modified by 
Cohen (1945), or with an instrument similar to that de- 
scribed by Stadie & Riggs (1944), using a 0-35 mm. micro- 
tome. (Slices cut by these methods gave similar values 
for Qy, and R.Q.) The slices were stored in ice-cold medium 
until all had been cut and were then transferred to standard 
Warburg flasks containing medium with or without amines 
or other additions; the total fluid vol. was 1-0 ml. and the 
dry weight of slices taken (determined after the respiration 
period) was about 30 mg. Qo, values were always calcu- 
lated on the basis of final dry weight (on the average 
23-1% of the fresh weight for both fasted and fed rats). 

Conventional Warburg technique was employed, the 
respiration being conducted at 38° in O, for lhr. All 
measurements were made in duplicate and the mean taken. 
Average agreement between duplicates was +6-5%. 
Similar large variations between rabbit-liver slices have been 
noted by Crandall (1945). R.Q. values were obtained by the 
‘direct’ method of Warburg (Dixon, 1943). 

Estimation of carbohydrate. Freshly cut liver slices 
(100-200 mg.) were introduced into each of a series of tared 
50 ml. conical flasks containing buffer, with or without 
added amine, of total volume 1-0 ml. The weight of tissue 
was found by difference. H,SO, (0-33 ml., 2N) was added to 
each flask either initially or after the slices had been shaken 
1-1-5 hr. in O, at 38°. In each case, the tissue and medium 
were transferred to a glass mortar, ground finely with a 

ittleacid-washed sand and the suspension transferred to a 
10ml. graduated centrifuge tube; the flask and mortar 
were repeatedly rinsed with 0-5n-H,SO, and the washings 
added to the centrifuge tube. The fine suspension was made 
up to a known volume with 0-5Nn-H,SO, and used for the 
determination of carbohydrate by one of the following 
methods. 

(i) Total carbohydrate by the anthrone method. The pro- 
cedure of Morris (1948) was modified as follows. The tissue 
suspension (see above) was centrifuged and a suitable 
volume of the very slightly opalescent supernatant fluid, 
containing 0-05-0-2 mg. carbohydrate, was pipetted into a 
large boiling tube (25x200mm.). Distilled water was 
added to 5 ml. Anthrone (Meyer, 1928) (0:2% w/v in 95% 
v/v H,SO,, 10 ml.) was then added and the contents mixed; 
the tube was covered with a glass bulb and immersed in a 
boiling water bath for exactly 10 min. After cooling, the 
intensity of the green-coloured solution was compared with 
a glucose standard and water control, similarly treated. 
A photoelectric colorimeter (Evans Electroselenium Ltd.) 
with red filter was used, the logarithmic scale reading being 
directly proportional to glucose concentration. The initial] 
presence of a little protein in the test sample did not inter- 
fere, as it dissolved completely in the rather concentrated 
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H,SO, at 100°. Morris (1948) has shown that equivalent 
amounts of glucose, maltose, dextrins and glycogen give 
identical colour intensity. This modified method of estima- 
tion was found to be very reliable. 

(ii) Total reducing substances after acid hydrolysis. A 
measured volume of tissue suspension, containing 0-5N- 
H,SO,, was placed in a boiling water bath for 3 hr. In this 
way, all the carbohydrate was hydrolysed to glucose (Cori & 
Cori, 1933). After cooling, the solution was made almost 
neutral by addition of 10% (w/v) NaOH and deproteinized 
by addition of 0-1 ml. of 30% (w/v) HgSO, in 10% (w/v) 
H,SO,, followed by BaCO,-Zn dust treatment (West, 
Scharles & Peterson, 1929). A sample of the filtrate was 
used for the determination of total-reducing substances by 
the copper-iodometric method of Somogyi (1937). 

Estimation of choline. Trichloroacetic acid filtrates were 
prepared from slices and medium. After neutralizing, the 
reineckate method, described by Glick (1944), was used. 


RESULTS 


Qo, and R.Q. values for rat-liver slices 
under various conditions 


Eperjessy & Zathureezky (1947) gave R.Q. values of 
0-92, 1-01 and 0-97 (twice) for ‘control experiments’ 
on liver slices from fasted rats during aerobic incu- 
bation in 0-067M-phosphate buffer, pH 7-2. The 
following average R.Q. values were also obtained by 
them in the presence of the substances mentioned 
(final concentrations shown in brackets) : ethylamine 
hydrochloride, 0:53 (2x10->m); trimethylamine 
hydrochloride, 0-53 (4x 10-°m); tetramethylam- 
monium iodide, 0-73 (2x 10->m); choline chloride, 
0-43 (2-5x 10m); ethanolamine hydrochloride, 
0-63 (4x 10m); triethanolamine hydrochloride, 
0-21 (2 x 10-5). 

In the present work, the compounds listed earlier 
were tested under comparable conditions, control 
values without additions always being determined 
simultaneously. Table 1 indicates that in our experi- 
ments the control R.Q. values for liver slices from 
fasted rats all lay within the range 0-48—0-61, 
average 0:54. —Qpo, values varied from 6-2 to 9-0, 
average 7-2. When tested at 2 x 10-'m, the amines, 
etc., were without effect on the R.Q. In view of this, 
the experiments were repeated using the amines at 
2 x 10-2M, since it was considered that the results of 
Eperjessy & Zathureczky might possibly have been 
caused by impurities present in theirsamples. Again, 
however, no systematic effect on the R.Q. was ob- 
served. With 2 x 10-?m-choline chloride (Exp. 6), the 
O, consumption was raised above the control value, 
as was to be expected in view of the presence of an 
active choline oxidase in liver tissue; the R.Q. was 
also reduced. In all other cases, the amines were 
without effect on the rate of O, uptake. (For brevity, 
only the experiments with trimethylamine hydro- 
chloride, choline chloride, ethanolamine hydro- 
chloride and triethanolamine hydrochloride are 
quoted in Tables 1, 4 and 5; similar results were also 
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Table 1. Respiration of liver slices from fasted rats in the presence and absence of some amines 
and related substances 


(In vitro respiration for 1 hr. in O, at 38°, pH 7-4.) 


Amine or related substance present 


Exp. 

no. Concn. (M) 
1 Trimethylamine HCl 2x10-5 
2 Choline chloride 2x10-5 
3 Ethanolamine HCl 2x10 
4 Triethanolamine HCl 2x10-5 
5 Trimethylamine HCl 2x10-? 
6 Choline chloride 2x10-2 
7 Ethanolamine HCl 2x10-? 
8 Triethanolamine HCl 2x10-? 


obtained with dimethylamine hydrochloride, tri- 
ethylamine hydrochloride and _ tetramethylam- 
monium iodide.) 

In another series of experiments, the effect of tri- 
ethanolamine hydrochloride on respiring liver slices 
from fasted rats was examined at several different 
concentrations. This substance was chosen for 
further investigation since Eperjessy & Zathureczky 
had found it to be more active than any other com- 
pound tested. The results shown in Table 2 indicate 
that at all concentrations used, triethanolamine 
hydrochloride was without significant effect on the 
R.Q. of liver slices from fasted rats. 


Table 2. Respiration of liver slices from fasted rats 
in the presence of different concentrations of tri- 
ethanolamine hydrochloride 


(Experimental conditions as in Table 1.) 


Triethanolamine HCl present Controls 
Exp. potenti, 
no. Conen.(M) -Qo, 2B.Q. -Qo, 8. 

9 5 x 10-* 8-11 0-47 6-05 0-35 
10 2x10-5 6-58 0-54 7-25 0-60 
ll 2x10 7-45 0-67 6-65 0-42 
12 2x10-% 8-06 0-55 6-00 0-34 
13 2x10-* 7-99 0-61 6-66 0-47 


The respiration medium used by Eperjessy & 
Zathureezky is given as ‘M/15-phosphate buffer’, 
pH 7-2, but the nature of the cations is not stated. 
In an attempt to find out whether the nature of the 
medium is important, some additional experiments 
were carried out using M/15 phosphate buffers of 
pH 7-2 having different cation compositions. The 
results using 2x 10-°m-triethanolamine hydro- 
chloride are shown in Table 3; no effect on the R.q. 
was seen. 

Eperjessy & Zathureczky explained the lowering 
of the R.q. of liver slices from fasted rats, in the 
presence of the substances used by them, as being 
due to two factors: (1) stimulation of fat metabolism, 
and (2) inhibition of carbohydrate metabolism. In 
order to provide support for this latter claim, they 
repeated some of their experiments with hexosedi- 


Controls 
cE CF 
- Qo, R.Q. ~ Qo, R.Q. 
8-70 0-54 7-76 0-57 
6-65 0-67 6-20 0-48 
8-59 0-54 8-95 0-54 
6-79 0-45 7-90 0-56 
5-75 0-51 6-25 0-50 
9-18 0-28 7-18 0-50 
5-55 0-64 6-20 0-61 
6-45 0-53 7-25 0-60 


phosphate in the respiration medium. The R.q. of 
liver slices rose from the control value of 0-97 with- 
out HDP to an average value of 1-12 in the presence 
of 1-2mg. HDP/ml. medium. The R.q. values ob- 
tained when 10->mM-amines, etc. were added to this 
HDP-containing system were as follows: ethylamine 
hydrochloride, 0-49; choline chloride, 0-59; tri- 
ethanolamine hydrochloride, 0-21. 


Table 3. R.Q. of liver slices from fasted rats in 
presence and absence of 2 x 10->M-triethanolamine 
hydrochloride using phosphate buffers of different 
cation composition 


(All buffers were M/15 with respect to phosphate and of 
pH 7:2.) 


Triethanolamine 
HCl (2 x 10-5) 
present Controls Cation compo- 
Exp. ———— -———\ Bition of buffer 
no. -Q, B.Q. -Qo, = B-Q. (atoms %) 
14 6-82 0-60 5-45 0-35 83 Na:17 K 
15 4-92 0-44 6-40 0-59 100 K 
16 6-48 0-32 5-93 0-33 100 Na 


In the present work, the substances already men- 
tioned have also been tested when HDP was present 
in the respiration medium. Table 4 shows that the 
R.Q. values, obtained in the presence of HDP only, 
lay in the range 0-40-0-56, average 0-49; —Qo, 
values varied from 5-9 to 8-7, average 7-2. Com- 
paring these values with those given in Table 1, it 
appears that HDP had no effect on the respiration of 
liver slices from fasted rats. When tested at 2 x 10m 
or 2 x 10-*, the compounds used had no effect upon 
the R.Q. values, except with 2x 10-?m-choline 
chloride (Exp. 22), the result being similar to that 
obtained in the absence of HDP. 

Since only traces of glycogen are present in the 
livers of fasted rats, the extent of carbohydrate oxi- 
dation in such tissues is probably very slight. This 
would also be suggested by the low value of the R.q. 
found in the experiments described. It has seemed, 
therefore, more logical to test for the inhibition of 
carbohydrate oxidation in the presence of the amines 
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Table 4. Effect of some amines and related substances on the B.Q. of liver slices from fasted rats 
in the presence of hexosediphosphate 


(0-004m-NaHDP present in all vessels.) 





Amine or related substance present Controls 
Exp. i . ——————-—_ 
no. Concn. (M) — Qo, R.Q. - Qo, R.Q. 
17 Trimethylamine HCl 2x10 7-19 0-44 6-91 0-40 
18 Choline chloride 2x10-5 8-12 0-58 8-32 0-51 
19 Ethanolamine HCl 2x10-5 6-01 0-38 5-96 0-40 
20 Triethanolamine HCl 2x10-5 6-45 0-44 7-70 0-52 
21 Trimethylamine HCl 2x10-* 7-58 0-52 8-71 0-56 
22 Choline chloride 2x10-* 10-20 0-28 6-93 0-54 
23 Ethanolamine HCl 2x10-? 6-83 0-56 6-54 0-50 
24 Triethanolamine HCl 2x10? 6-96 0-64 6-67 0-46 


Table 5. Respiration of liver slices from well-fed rats in the presence and absence 
of certain amines and related substances 


Amine or related substance present 


Exp. 

no. Conen. (M) 
25 Trimethylamine HCl 2x 10-5 
26 Choline chloride 2x 30-* 
27 Ethanolamine HCl 2x10-5 
28 Triethanolamine HCl 2x10-5 
29 Trimethylamine HCl 2 x 10-? 
30 Choline chloride 2x10-2 
31 Ethanolamine HCl 2x10-? 
32 Triethanolamine HCl 2x 10-2 


Controls 
| 
-Qo, R.Q. -Qo, R.Q. 
10-79 0-87 10-64 0-78 
8-66 0-75 8-35 0-85 
8-57 0-78 9-16 0-77 
7-73 0-73 6-71 0-77 
9-69 0-73 10-89 0-80 
10-09 0-37 7-82 0-79 
9-82 0-79 10-95 0-83 
8-39 0-69 9-01 0-68 


Table 6. Carbohydrate changes in rat-liver slices after incubation in the presence and absence 
of some amines and related substances 


(Total carbohydrate expressed as glucose. 1 hr. aerobic incubation for Exps. 33, 34 and 36; 1-5 hr. for others. In 
Exps. 38-40 well-fed rats were used, in remainder rats fasted 24 hr.) 


Exp. Amine or related 

no. substance used Conen. (mM) 
33 Choline chloride 2x10-5 
34 Triethanolamine HCl 2x10-5 
35 Triethanolamine HCl 2x10-5 
36 Dimethylamine HCl 2x10-? 
37 Triethylamine HCl 2x 19-* 
38 Dimethylamine HCl 2x10-* 
39 Ethanolamine HCl 2x10-3 
40 Ethanolamine HCl 2x10-? 


Total carbohydrate 
(mg./g. fresh liver) 
eee 





Final value 
Tnitial Without With 
value amine amine Method 
3-36 4-32 4-21 Anthrone 
6-92 8-68 8-01 Anthrone 
4-34 5-36 5-96 Anthrone 
5-09 5-62 5-86 Anthrone* 
4-79 5:36 5-79 T.R.S.T 
i-70 3-36 3-01 Anthrone 
2-24 3-96 3-46 Anthrone 
59-6 57-2 50-7 T.RS.T 
55-5 54-6 53-3 Anthrone 
46-6 46-2 45:8 Anthrone 
48-3 44:3 45:3 Anthrone* 


* Total carbohydrate by anthrone method, after acid hydrolysis. 
+ Total reducing substances after acid hydrolysis. 


and related substances by using liver slices from well- 
fed animals, in which carbohydrate oxidation is 
known to proceed. Accordingly, experiments similar 
to those already described have been carried out on 
liver slices from fed animals, in which the level of 
initial glycogen was approx. 4-6 % (Table 5). 

It will be observed that the control R.q. values 
obtained for liver slices from fed rats were much 
higher than from fasted animals and lay in the range 


0-68-0-85, average 0-78. Similarly, the — Qo, values 
were also higher than for fasted rats, varying between 
6-7 and 10-9, average 9-2. These figures are in ex- 
cellent agreement with those of earlier workers 
(Jowett & Brooks, 1928; Dickens & Greville, 1933; 
Krebs, 1934; Gemmill & Holmes, 1935; Hastings, 
Muus & Bessey, 1939; Feinstein & Stare, 1940; 
Baernstein & Grand, 1941; Fuhrman & Field, 1944; 
Voigt, 1944; Stadie, Riggs & Haugaard, 1945). The 
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amines, etc., when present in 2 x 10->mand 2 x 10-2 
concentration are seen to be without effect on the 
R.Q. Or Qo, values, except in the case of 2 x 10-?m- 
choline chloride. Thus these experiments afford no 
support for the view that carbohydrate oxidation in 
liver is inhibited by aliphatic amines and related 
compounds. 


The carbohydrate content of rat-liver slices before and 
after incubation under different conditions 


Since the R.Q. data provide no support, however 
indirect, for the claim of Eperjessy & Zathureczky 
(1947), that aliphatic amines inhibit carbohydrate 
oxidation in liver slices from fasted rats, it was 
decided to investigate this problem directly. To this 
end, carbohydrate determinations were made on 
liver slices from either fasted or fed animals before 
and after aerobic incubation in the presence and 
absence of added amines. Table 6 contains some 
representative data relating to the changes in total 
carbohydrate of rat-liver slices under these condi- 
tions. In all experiments using liver from fasted 
animals, there was a synthesis of carbohydrate from 
non-carbohydrate sources. Similar results were ob- 
tained by Bach & Holmes (1937) and Cross & Holmes 
(1937) for liver slices from fasted rats and rabbits 
respectively. The extent of this glyconeogenesis was 
not greatly influenced by the addition of the sub- 
stances tested. When experiments were conducted 
with liver slices from well-fed animals, there was a 
slight utilization of carbohydrate. Table 6 indicates 
that the addition of aliphatic amines had little effect 
on the rate of carbohydrate utilization. 


Effect of choline chloride on the respiration of 
liver slices from fasted rats 


Choline chloride (2x 10-?m) has already been 
shown to increase the — Qo, and to reduce the R.Q. of 
liver slices from fasted rats (Table 1, Exp. 6), from 
fasted rats with in vitro addition of HDP (Table 4, 
Exp. 22) and from normally fed rats (Table 5, Exp. 
30). These results might be due to stimulation of fat 
oxidation and simultaneous inhibition of carbo- 
hydrate oxidation by the choline added, but a more 
likely explanation is that choline behaves as a sub- 
strate, being oxidized to betaine aldehyde (Mann & 
Quastel, 1937), the overall reaction being given by 
Cl-[N+(CH;);.CH,.CH,O0H]+ 40, > 

Cl-[N+(CH3);.CH,.CHO]+H,0. 
In order to determine whether or not choline oxida- 
tion does take place under the conditions of the ex- 
periment, Exp. 6 (Table 1) was repeated and choline 
was determined on duplicate samples treated with 
0-2 ml. of 3N-hydrochloric acid at the beginning and 
end of the 1 hr. respiration period. 

Table 7 presents the data obtained for the res- 
piratory exchanges in this experiment ; furthermore, 
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Table 7. Choline oxidation by liver slices from a 
fasted rat 


(Exp. 41. Choline chloride (2-79 mg.) initially added to 
half of the Warburg flasks (final conen. 2 x 10-*M). — Qzhotine 
expresses yl. choline utilized/mg. dry wt. of tissue/hr., where 
lymol. choline = 22-4 yl.) 


Choline present Choline absent 


R.Q. 0-33 0-56 

-Qo, 9-58 7-90 
Qco, 3-16 4-43 
ais Qehotine 7-83 ie 


Increase in —@p, due to oxidation of choline to betaine 
aldehyde: calc., 4 (7-83) =3-92; obs., 9-58 — 7-90 = 1-68. Thus 
inhibition of endogenous — Qo, by choline =3-92 — 1-68 =2-24. 
Inhibition of endogenous Qco, by choline =4-43 — 3-16 = 1-27. 
R.Q. of inhibited respiration =1-27/2-24=0-57, which is 
similar to the 8.Q. of the uninhibited endogenous respiration 
(0-56). 


it shows that choline disappears under these condi- 
tions. From these results it also appears that choline 
slightly inhibits the endogenous respiration of liver 
slices from fasted rats, the O, uptake and CO, pro- 
duction being inhibited in the same ratio as that 
found for the endogenous Bk.q. This type of inhibition 
is not, of course, of the kind required to support the 
hypothesis of Eperjessy & Zathureczky. 


DISCUSSION 


Attention has already been drawn to the discrepancy 
between the control Qo, and R.Q. values for liver 
slices from fasted rats obtained by Eperjessy & 
Zathureczky (1947) and those of other workers. 
Table 8 summarizes some of the earlier literature and 
includes the experiments carried out in the present 
study. 

The Qo, values obtained in this laboratory lie in 
the lower part of the normal range found by other 
investigators. This may be due to a combination of 
three factors. First, enzyme deterioration may have 
taken place during the anaerobic storage of the 
accumulating liver slices before they were transferred 
to the Warburg vessels; this storage was necessitated 
by the cutting of about forty slices for each experi- 
ment. This deterioration was reduced, as far as 
possible, by keeping the slices in ice-cold medium 
during this period. Secondly, therespiration medium 
initially contained no bicarbonate, a constituent 
known to stimulate in marked degree the rate of 
oxygen consumption (Warren, 1944). Lastly the 
final dry weight of the tissue (23-1% of the moist 
weight), upon which our Qo, values depend, is 
greater than that found by some other workers. 
Thus the high Qo, values given by Elliott e¢ al. (1937) 
are partly due to loss of material from their slices 
during incubation, since they obtained an average 
final dry weight of only 15-9 % of the moist weight. 
However, in spite of these adverse factors, the Qo, 
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Table 8. Qo, and R.Q. values for liver slices from fasted rats 





1950 


(All Qo, values based on final dry weights. Phosphate-buffered media of different composition, pH 7-2-7-4, 37-38°.) 


= Qo, R.Q. 
No. of —_—_———_ 
exps. Average Range Average 
22 8-9* 6-3-10-9 0-57 
7 8-2 +0-15t — 
9 8-8 7-1-10-2 0-61 
13 11-4 9-4-13-7 — 
3 9-1 4-9-12-7 0-49 
5 13-4 10-1-17-0 0-53 
6 5-8§ +0-32t — 
6 8-7 +0-18f — 
25 6-8 5-1- 9-0 0-51 
4 3-6* 3-1- 3-9 0-97 


* Calculated from values quoted for fresh moist we 
+ s.p. of mean value. 


Range References 
0-48-0-68 Bach & Holmes (1937) 
— Craig (1943) 
0-57-0-65 Dickens & Simer (1931) 
—_ Edson (1936) 
0-46-0-53 Elliott & Baker (1935) 
0-34-0-61 Elliott et al. (1937) 
_— Fuhrman & Crismon (1944) 
— Fuhrman & Crismon (1944) 
0-33-0-66 Present work 
0-92-1-01 Eperjessy & Zathureczky (1947) 


ight of tissue. Final dry weight of 23-1% assumed. 


{t High value partly due to very low percentage dry weight (average 15-9%). 
§ High potassium, chloride-free ‘intracellular’ medium. 


values obtained in the present work are still nearly 
twice as great as those found by Eperjessy & 
Zathureczky. No other such low values have been 
found in the literature. 

In a similar way, the control R.Q. values of Eper- 
jessy & Zathureczky are much higher than those 
found by other workers. Their values, being of the 
order of unity, are nearly twice as high as those 
found in the present work, which however are in 
complete agreement with those given in the liter- 
ature. R.Q. values of about 0-50 would seem to be 
reasonable for fasted liver slices, for apart from any 
question of incomplete oxidation of fatty acids, 
glyconeogenesis would also have the effect of 
lowering the R.Q. It is thus very difficult to see how 
these high values of Eperjessy & Zathureczky could 
have been obtained for liver slices from fasted rats. 
Hindemith (1942) has shown that the R.q. of rat- 
liver slices is dependent on the glycogen content, his 
values for stock animals lying between 0-58 (low 
liver glycogen) and 0-85. Other workers have gener- 
ally obtained figures of about 0-80 for normally fed 
rats and similar figures have been obtained in the 
present study. Only Elliott & Baker (1935), using 
stock rats fed a fairly high carbohydrate diet, appear 
to have obtained R.Q. values for liver slices approach- 
ing unity, the average figure being 0-99 with a range 
of 0-71—1-07. These workers drew attention to their 
high R.Q. values, as compared with other published 
data, but could offer no explanation. 

The basic claim of Eperjessy & Zathureczky is that 
liver slices from fasted rats show a lowering of the 
R.Q. without change in oxygen consumption in the 
presence of aliphatic amines. However, even if this 
claim could be substantiated, their interpretation in 
terms of a simultaneous stimulation of fatty acid 
oxidation and inhibition of carbohydrate oxidation 
would need to be confirmed by further experimental 
evidence. The determinations of carbohydrate 


changes, given in the experimental part of this paper, 
have provided no support for this hypothesis. 

Choline is the only substance tested which has been 
found to be oxidized by rat liver slices when used at 
substrate concentration (2x 10-’m). The closely 
related primary alcoholic compounds, ethanolamine 
and triethanolamine, had no effect upon the Qo, 
value. In addition to undergoing oxidation, choline 
had a slight inhibitory effect on the endogenous 
respiration of rat liver. Thus in the experiment 
quoted, it was calculated that for oxidation to be- 
taine aldehyde of the choline disappearing, it was 
necessary to assume 28% inhibition of the endo- 
genous oxygen uptake; the observed inhibition of 
CO, production in the presence of choline was 29 %. 
In other words, the various oxidation processes con- 
currently taking place in respiring rat-liver slices are 
inhibited non-selectively by choline. 


SUMMARY 


1. Liver slices from fasted rats, respiring in 
oxygen at 38° in a phosphate-buffered medium, 
pH 7-4, showed an average — Qo, of 6-8 l./mg. dry 
wt./hr. and an average R.Q. of 0-51. These values are 
in general agreement with those reported in the 
literature. 

2. A number of aliphatic amines and related sub- 
stances, viz. choline chloride, tetramethylammonium 
iodide and the hydrochlorides of dimethylamine, tri- 
methylamine, triethylamine, ethanolamine and tri- 
ethanolamine, when tested in 2 x 10 and 2 x 10-2u 
concentrations, were found to be without effect on 
either the Qo, or R.Q. values. The latter result con- 
trasts with the claim of Eperjessy & Zathureczky 
(1947), who observed a substantial lowering of the 
R.Q. 

3. The same compounds were without effect on 
carbohydrate utilization by liver slices from well-fed 
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rats or on glyconeogenesis by liver slices from fasted 
rats. 

4. Of the substances mentioned, only choline 
chloride was oxidized by rat-liver slices. 2 x 10-?M- 
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Choline chloride also inhibited endogenous respira- 
tion by about 30%. 


Itis desired to thank the Medical Research Council foran ap- 
paratus grant, and Mr W. R. Ferrier for technical assistance. 
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The Reaction of Oxidizing Agents with Wool 


1. THE DIVISION OF CYSTINE INTO TWO FRACTIONS OF 
WIDELY DIFFERING REACTIVITIES 


By P. ALEXANDER, R. F. HUDSON anp M. FOX 
Department of Inorganic and Physical Chemistry, Imperial College of Science, London 


(Received 4 July 1949) 


Most processes for preventing the felting of woolmake 
use of strong oxidizing agents (Speakman, Nilssen & 
Elliott, 1938; Freney, 1946), and the reaction of wool 
with these reagents is thus of technical as well as of 
scientific interest. The disulphide bond of cystine is 
one of the most reactive centres in the wool structure 
and it is therefore not surprising that oxidizing 
agents act preferentially upon it. Smith & Harris 
(1936) showed that hydrogen peroxide oxidizes the 
disulphide bond in wool slowly, whereas fluorine 
(Hudson & Alexander, 1946) reacts rapidly and in 
the initial stages specifically. Consden, Gordon & 
Martin (1946) identified cysteic acid by paper 
chromatography in the products of reaction between 
chlorine or bromine and wool. Speakman (1947) 
deduced from changes in the mechanical properties 


of individual fibres, assuming that cystine cross-links 
the polypeptide chains, that the disulphide bond is 
attacked by many oxidizing agents. 

Several workers have observed that the disulphide 
bond of cystine in wool exhibits varying reactivities. 
Phillips and his co-workers showed in a series of 
detailed papers (summarized by Phillips, 1946) that 
the cystine in wool can be divided into four fractions, 
which differ from one another both in the reaction 
products formed and in the rate of reaction on treat- 
ment with alkali, formaldehyde, bisulphite and 
thiolacetic acid. Eléd & Zahn (1947) found that even 
after a substantial proportion of the disulphide 
bonds had been broken the mechanical properties 
remained almost unaltered. On the basis of this 
evidence he proposed that the cystine is incorporated 
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in the wool molecule in three distinct molecular 
arrangements and that at least one of the fractions 
does not play a part in holding the molecules to- 
gether by cross-links. 

To investigate differences in reactivity on oxida- 
tion of the disulphide bond, a quantitative study has 
been made of the cystine content of wool treated 
with different oxidizing agents, all of which react 
rapidly with free cystine dissolved in water. 





METHODS 


The wool used was thoroughly extracted with ether and 
ethanol. It was a knitted fabric made from an all botany 
wool yarn which had received no prior treatment other than 
scouring to remove wool grease and dirt. The sample of 
horn keratin was taken from the tip of a cow’s horn and 
thoroughly extracted with distilled water; it was cut into 
small pieces and ground to a fine powder. 

Chlorination. The wool sample of known weight was 
attached to a glass frame and rotated at 200 rev./min. in 
a closed vessel with a mercury seal. The solution/wool ratio 
was 150: 1 and the reaction was carried out in an ice bath at 
0°, a thermostat at 25° or a water bath at 80+2°. The wool 
was wetted out in a buffer solution of the same pH as the 
hypochlorite subsequently used. A stock hypochlorite 
solution was prepared by the method of Cattania & Ranucci 
(1915), and samples of this were diluted and brought to the 
appropriate pH with 0-1m-phosphate buffer or, for experi- 
ments at pH 2, with H,SO,. Samples of the solution were 
periodically withdrawn by means of an automatic pipette 
and were analysed for Cl with KI and Na,S,0,. The reaction 
was considered complete when 95 % of the available Cl had 
reacted. The wool was withdrawn, rinsed with distilled 
water for approx. 30 min. until free from electrolyte and 
dried to constant weight at 105°. In the experiments with 
horn the powder was kept well stirred and at the end of the 
reaction was filtered off in a glass crucible, rinsed until free 
from electrolyte, dried and weighed. Not all the horn was 
recovered and the cystine loss was calculated on the weight 
of horn removed after treatment. 

Treatment with permanganate. The calculated amount of 
KMn0O, (A.R.) was weighed out and dissolved in either 
0-5n-H,SO, or 0-1 N-Na,B,0,, and the reaction was carried 
out as for the chlorinations. At the end of the reaction the 
sample was withdrawn and the deposited MnO, removed by 
immersion in 0-1N-sodium metabisulphite at room tem- 
perature for 1 min. It was shown (Alexander, Carter & 
Hudson, 1949) that such a brief treatment with bisulphite 
did not reduce any detectable amount of cystine. The wool 
was then rinsed and dried. 

Treatment with peracetic acid. A solution consisting of 
45% (w/v) peracetic acid was prepared from 90% (w/v) 
H,O, by the method of Greenspan (1947). This solution was 
diluted 25 times with water and the wool sample, fixed on 
a rotating frame, was treated with the solution at room 
temperature for varying lengths of time, removed, rinsed 
and dried. The total quantity of peracetic acid which reacted 
was small compared with the amount in solution and hence 
the solution remained sensibly constant in strength even in 
experiments of long duration. 

Esterification. In an unpublished investigation it was 
found that epoxy compounds, and notably epichlorhydrin, 
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esterify the carboxyl groups in wool. The reaction consists 
in treating the agitated wool sample in a solution of 5% 
(w/v) epichlorhydrin in water at 60° for 2 hr. The extent of 
the esterification was assessed by determining the acid 
combination with 0-02N-HCl. The ordinary value of 0-82 
equiv./kg. of wool was reduced to 0-32 equiv. and this cor- 
responds to 60% esterification of the carboxyl groups. 
After treatment the wool was rinsed, dried and subsequently 
used in the same way as untreated wool. 

Acetylation. The free amino groups were acetylated by the 
I. G. Farben process (Alexander & Whewell, 1947). From 
the decreased acid-binding figures it was calculated that 
70% of the basic groups were blocked. The wool was not 
degraded so long as the conditions of treatment described, 
in particular the temperature, were strictly followed. 

Supercontraction. The sample of wool was kept in a 
100% (w/v) LiBr solution at 100° for 3 hr., then placed in 
dilute phosphate buffer (pH 8) for 5 min. at room temper- 
ature, and finally rinsed in distilled water until free from 
halide. After treatment the fabric was reduced in area by 
30%. Alexander (1949) has shown that wool fibres treated 
in this manner contracted approx. 20% in length but 
underwent no appreciable disulphide bond hydrolysis. 

Determination of cystine. The wool sample was hydrolysed 
in 5N-HCl at 120° for 5 hr. in a sealed tube. With horn the 
reaction was not quite complete in 4 hr. and had to be con- 
tinued for 8 hr. The cystine content of the hydrolysate was 
determined colorimetrically with phosphotungstic acid 
(Shinohara, 1935). Untreated wool samples were periodic- 
ally analysed and their cystine content found to be in every 
case 10-:0+0-2%. This figure is low compared with that for 
root wool, but compares well with figures for whole wool 
fibres (i.e. including tip wool exposed to moisture and light), 
the cystine content of which varies from batch to batch. In 
some of the oxidations a considerable weight loss occurs and 
the loss of cystine is in each case expressed as percentage of 
the cystine content of the wool sample before oxidation. 
This was done as none of the degradation products left in 
the solution contained a disulphide bond, since all the 
reagents used react almost instantly with cystine in solution. 


RESULTS 


Reaction with chlorine solution at different hydrogen- 
ton concentrations. Wool was treated with different 
quantities of chlorine and hypochlorite at pH 2 and 
10 respectively and the cystine content of the wool 
determined (see Fig. 1). The quantity of oxidizing 
agent which reacted in each case is expressed as a 
percentage (g. chlorine/100 g. of wool; i.e. NaOCl is 
expressed as Cl). The rate of reaction between 
chlorine solutions and wool at different pH values 
has been recorded elsewhere (Alexander, Gough & 
Hudson, 1949). With high concentrations of available 
chlorine the reaction was usually complete at 0° in 
about 20 min. at pH 2, and at pH 10 in 2-3 hr. at 0° 
and about 30min. at 80°. It is seen clearly that 
chlorine at pH 2 can, in sufficient concentration, 
oxidize all the cystine in wool. Hypochlorite solu- 
tions, however, can only oxidize about 25% of the 
available cystine, and reagent in excess of that 
required to oxidize this fraction must react with other 
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groups in the molecule. It is interesting to note that 
the amount of wool degraded and going into solution 
is quite small until quantities of chlorine are used in 
excess of those necessary for oxidizing most of the 
cystine. With acid chlorination, where all the cystine 
is oxidized, this point is reached when more than 
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Fig. 1. Removal of cystine and loss of weight of wool 
oxidized at pH2 and 10 with different quantities of 
chlorine. O, chlorination at pH 2 and 25°; (, chlorina- 
tion at pH 10 and 25°; &, chlorination at pH 10 and 80°; 

, loss of cystine; - - -, loss of weight. 





20 % of chlorine is used, but with hypochlorite, where 
only 25 % of the cystine is capable of oxidation, the 
weight loss becomes appreciable after more than 5 % 
of chlorine is used. It would appear from this ob- 
servation that chlorine solutions begin to break 
down the main chains probably by stepwise removal 
of the terminal amino groups. 

Wool was treated with different quantities of 
hypochlorite at 80° in order to see if the fraction of 
oxidizable cystine was increased. From Fig. 1 it is 
seen that the amount of cystine removed rose from 
23 to 30%, but it is doubtful whether any signifi- 
cance can be attached to this small increase, which 
may be due to an additional small amount of purely 
alkaline degradation. 


Table 1. Percentage of cystine in wool oxidized by 
chlorine solutions buffered at different pH values at 0° 


Chlorine Cystine lost 

reduced (% of that originally present) 

(g./100 g. 

of wool) pH2 pH4 pH6 pH8 pH10 

5 23-1 16-7 — 13-7 22-2 

10 40-8 37-9 -— 21:3 22-4 
20 73-0 58-2 -- 25-6 23-4 
50 90-0 96-0 96-3 47-5 24-5 


It was found (see Table 1) that hypochlorite solu- 
tions at pH 2, 4 and 6 behaved identically and were 
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all capable of oxidizing substantially all the cystine 
in wool. Chlorine at pH 8 was still capable of re- 
moving all the cystine, but more chlorine was re- 
quired to do this than with solutions at a lower pH. 
In Fig. 2 the change in constitution of a chlorine 
solution with varying hydrogen-ion concentrations 
is shown. It is seen that the bath consists at pH 2 
largely of chlorine, but changes almost entirely to 
hypochlorous acid between pH 4 and 6. At the 
higher pH values the ionization of hypochlorous acid 
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Fig. 2. Variation in constitution of a solution of 0-05 mol. of 
chlorine dissolved in water at different hydrogen-ion 
concentrations. x---x--, Cl; x x , HOCI; 
-—x—.—, OCI. 








to OCI- ions increases, until at pH 10 virtually only 
OCI- ions are present. It appears that both chlorine 
and hypochlorous acid can oxidize all the cystine in 
wool, and OCI- ions only 25% of the cystine. At 
pH 8 obviously some of the oxidizing reagent is used 
in the non-cystine reaction of the OCI- ion, and hence 
greater quantities of available chlorine than at pH 2 
are required to remove the same proportion of 
cystine. 


Table 2. Oxidation of cystine in wool by chlorine at 
pH 10 


(The wool having previously been treated with chlorine 
at pH 2 at 25°.) 


Cystine content after 
reaction with 20 g. Cl/100 g. 
wool at pH 10 (%) 


Cystine content after 
different chlorinations 
at pH 2 (%) 


8-66 7-49 
5-44 5-40 
3-40 3-20 


It is seen from Table 2 that the cystine fraction 
capable of being oxidized by hypochlorite is the first 
to be attacked by acid chlorination. Thus, when 4% 
of chlorine was used at pH 2, 18 % of the cystine was 
oxidized and in a subsequent treatment with 20 % of 
chlorine at pH 10 only a further 6% was removed, 
bringing the total cystine oxidized to 24% of that 
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originally present. Alkaline chlorination removed 
no further cystine when it succeeded an acid chlori- 
nation which had oxidized more than one-quarter of 
the cystine. Similarly, wool which had received a 
20 % chlorination at pH 10 lost no more cystine in a 
further similar treatment. 

Oxidation with permanganate. Acid permanganate 
treatment is similar to alkaline chlorination in that it 
oxidizes only a fraction of the available cystine (see 
Table 3). In this case the fraction removed is some- 
what greater, 29%, but it seems unlikely that the 





Table 3. Cystine in wool oxidized by potassium 
permanganate at 25° 


Cystine oxidized 


KMn0O, reduced (% of that 


pH (g./100 g. of wool) originally present) 
2 6-25 18-6 
2 12-50 21-8 
2 16-70 30-7 
2 25-00 29-6 
9-2 6-25 <3-0 
9-2 25-00 17-7 


difference is significant. This fraction isidentical with 
that oxidized by alkaline hypochlorite, as this re- 
agent did not remove any appreciable quantity of 
cystine from a wool sample which had already re- 
acted with 16% of potassium permanganate (i.e. 
16 g. KMnO,/100 g. of wool). The reaction at pH 2 
proceeds quite rapidly and is complete in about 
30 min. Even when very large quantities of per- 
manganate were used the wool only lost approxi- 
mately 3% in weight during the reaction. At pH 9-2 
permanganate reacted very slowly with wool and the 
reaction with 25 % of permanganate took about 12 hr. 
to reach completion. 

The damage to the wool in the alkaline per- 
manganate solutions is severe and after the 25% 
treatment the wool was so fragile that it fell to 
pieces. It is surprising that none of the cystine (see 
Table 3) should be oxidized by reaction with 6 % of 
permanganate in alkali. Experiments with a solu- 
tion of the free amino-acid showed that the disul- 
phide bond was rapidly oxidized by alkaline per- 
manganate, almost as rapidly as in acid solution. 

Oxidation with peracetic acid. Toennies & Hom- 
miller (1942) showed that performic acid reacts only 
with the amino-acids cystine, methionine and trypto- 
phan. We found that aqueous solutions of performic 
acid were unstable, although peracetic could be kept 
for days. Preliminary experiments indicated that 
peracetic acid exhibits the same specificity as per- 
formic acid so that in the reaction with wool only the 
oxidation of cystine is significant. It is possible (see 
Table 4) to oxidize all the cystine in wool with this 
reagent, but the first 75% is removed much more 
rapidly than the remaining 25%. From this it 


should not be concluded that the 25% is more re- 
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sistant to oxidation by peracetic acid. It seems more 
probable that the lack of reaction is due to slow 
diffusion of the reagent into the interior of the fibre. 
Rate of diffusion does not affect any of the experi- 
ments with other oxidizing agents as the reaction 
was continued in every case until the solution was 
exhausted. 


Table 4. Cystine in wool oxidized by 1-6 % (w/v) 
peracetic acid for different times at room temperature 
Cystine oxidized 
(% of that 


Time of reaction originally present) 


5 min. 19-8 
30 min. 46-3 
1 hr. 71-1 
2 hr. 75-0 
4 hr. 77-7 
25 hr. 91-7 


Oxidation of modified wool samples. The proportion 
of cystine accessible to alkaline hypochlorite is not 
affected either by esterifying the carboxyl groups in 
wool or by acetylating the amino groups, and the 
maximum amount of cystine which can be oxidized 


Table 5. Cystine oxidized by 20g. chlorine/100 g. 
wool at pH 10 and 25° in wool samples which had 
received different pretreatments 


Cystine 
Cystine content of wool _ oxidized 
by chlorine 
After solution 
After pre- alkaline (% of that 
Pretreatment treatment chlorination originally 
of wool (%) (%) present) 
None 10-17 7-80 23-4 
Esterification 9-84 7-23 26-5 
Acetylation 9-92 7-81 21:3 
Supercontraction 10-10 7-35 27-0 
in lithium bromide 
Boiling in pH 10-2 4-45 2-86 33-0 


buffer for 30 min. 


Table 6. Cystine oxidized by chlorine at pH 10 at 25° 
in wool which had previously been boiled in distilled 
water for 3 hr.* Cystine oxidized 


Chlorine used (% of that 
(g./100 g. of wool) originally present) 


5-0 21-4 
10-0 30-2 
20-0 32-1 


* The 3 hr. boiling reduced the cystine content of the 
wool to 9-1%. 


remains at approximately 25%. Similarly, re- 
moving the cystine sub-fractions (A + B) of Phillips 
(1946) by boiling wool in pH 10 buffer does not alter 
appreciably the proportion of cystine which can be 
oxidized by hypochlorite (see Table 5). To investigate 
the possibility that the fraction of the cystine which 
does not react (75%) is inaccessible for morpho- 
logical reasons, wool was boiled for 3 hr. in distilled 
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water to disrupt the exterior membrane, which was 
first recognized by Lehmann (1943) and shown by 
him to be broken by water at a temperature greater 
than 80°. Again the percentage of the cystine 
oxidized remained the same (see Table 6). Similarly, 
wool when supercontracted by 20% in a lithium 
bromide solution still retained 75 % of its cystine in 
an unreactive state (see Table 5). 

Horn. Results of the chlorination of horn with 
acid and alkaline hypochlorite are recorded in 
Table 7. Again, part only of the cystine is accessible 
to the latter reagent, whereas the whole is oxidized 
by chlorine in acid solution. 


Table 7. Cystine in powdered horn keratin oxidized 
by 50 g. chlorine/100 g. keratin at pH 2 and pH 10 


° 
ae Cystine oxidized 
Cystine content (% of that 
Treatment (%) originally present) 
None 13-92 — 
Chlorine at pH 10 11-01 21-0 
Chlorine at pH 2 2-66 80-9 


Products of oxidation. The oxidation product of the 
cystine was shown by partition chromatography to 
consist in every case at least partly of cysteic acid. 
A quantitative analysis of the oxidized wools is now 
being made in an attempt to isolate other oxidation 
products and to determine which other amino-acids 
these oxidizing agents attack. Only in the case of 
peracetic acid has it been established that cysteic 
acid is the sole product and that, except perhaps 
after very prolonged treatments, no other amino- 
acid is attacked. These investigations will form the 
subject of another communication. 


DISCUSSION 


Morphological considerations appear at first to offer 
the most probable explanation for the division of the 
cystine in wool into two fractions of widely differing 
reactivity ; a portion of the fibre might be physically 
inaccessible to hypochlorite and permanganate. The 
membrane which lies between the scales and the 
cortical cells (Lehmann, 1943) has been considered to 
act as a barrier to penetration. It seemed attractive 
to assume that the reagents capable of oxidizing all 
the cystine could penetrate the membrane and that 
those capable of oxidizing only 25% of the cystine 
could not, being thus able to react only with the out- 
side layer of the wool fibre. However, boiling in 
water, which was clearly shown to break the mem- 
brane, did not increase the fraction attacked by 
hypochlorite. Further, it has been shown that in 
powdered horn and supercontracted wool a fraction 
of the cystine, of the same size as that found in wool, 
is not oxidized by alkaline hypochlorite. Horn is 
similar in molecular arrangement to wool, although 
morphologically the two proteins differ considerably. 
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Supercontracted wool has undergone chain re- 
arrangement without chemical change. 

The difference between the two fractions must 
thus be found in the molecular environment of the 
cystine and its position in the polypeptide chain. 
Lindley & Phillips (1947) suggested that their two 
major cystine fractions (A+B) and (C+D) differ 
from one another in being surrounded by polar and 
non-polar side chains respectively. Cockburn, 
Drucker & Lindley (1948) showed that the reaction 
between cystine and alkali differed in deaminated 
wool from that in untreated wool. However, both 
esterified and acetylated wool show the same pro- 
portion for the cystine fractions considered in this 
paper and the differences cannot be ascribed to the 
proximity or otherwise of charged groups. 

The Phillips (1946) sub-fractions, although differ- 
ing in their rates of reaction, are identified by their 
giving different reaction products with alkalis, bi- 
sulphite and formaldehyde. The two fractions dis- 
cussed in this paper are identified solely by reactivi- 
ties. They are entirely unrelated to the Phillips sub- 
fractions, since, after fractions (A+B) have been 
removed by boiling in pH 10 buffer, hypochlorite 
still attacks, as in untreated wool, only about a 
quarter of the total cystine present. It thus appears 
as if alkali reacts with the two fractions to approxi- 
mately the same extent, leaving their ratio un- 
altered. 

Smith & Harris (1936) and Rutherford & Harris 
(1939) showed that alkaline hydrogen peroxide and 
ultraviolet light, respectively, will in time oxidize 
all the cystine in wool; these reagents thus fall into 
the same class as chlorine, hypochlorous acid and 
peracetic acid. Acid permanganate and alkaline 
hypochlorite, which can oxidize only 25% of the 
cystine in wool, form a second group; there is no in- 
formation in the literature about other oxidizing 
reagents which might fall into this group. In the 
first group the oxidizing agent is an uncharged mole- 
cule, whereas in the second it is a negatively charged 
ion and it appears attractive to ascribe their differmg 
behaviour to this difference. However, the failure of 
the negatively charged ions to react with 75 % of the 
cystine cannot be due to repulsion by negatively 
charged carboxy] groups, since these groups would be 
uncharged in acid permanganate solution, and also 
because 60 % esterification has not changed the ratio 
of the two fractions. The effect also cannot be 
attributed to steric hindrance since the OCI- ion and 
the HOCI and Cl, molecules are all of similar sizes. 

A possible explanation is that the reactivity of the 
disulphide group in cystine is highly dependent on 
induced electrical effects from neighbouring groups. 
That inductive effects of this kind are capable of 
producing great changes in reactivity is well illus- 
trated by the fact that alkaline permanganate, which 
readily oxidizes cystine in solution, does not oxidize 
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the disulphide bond in the wool at all until consider- 
able degradation has occurred. 

Simple cystine polypeptides of varying composi- 
tions are now being synthesized to determine in 
which stereochemical arrangement if any the cystine 
disulphide bond cannot be oxidized by hypochlorite 
and permanganate. 





SUMMARY 


1. A study has been made of the reaction of the 
disulphide bond in wool with different oxidizing 
agents. 

2. Chlorine, hypochlorous acid and peracetic acid 
are capable of oxidizing all the cystine in wool, 
whereas acid permanganate and alkaline hypo- 
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chlorite are only capable of oxidizing 25% of the 
cystine present. The cystine in wool may therefore 
be divided into two fractions, one of which is oxidized 
by the latter two reagents, and the other not. 

3. The difference in reactivity of the two cystine 
fractions cannot be ascribed to morphological causes 
since the cystine of physically modified wools and 
powdered horn shows the same division. 

4. The two fractions are not related to the 
Phillips (1946) cystine fractions. Possible explana- 
tions for the differences in reactivity are discussed. 


The authors wish to thank Messrs Wolsey Ltd., Leicester, 
for financial support which made this investigation possible, 
Prof. H. V. A. Briscoe for his help and interest, and 
Mr D. Gough for carrying out some of the preliminary 
experiments. 
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The Utilization of Non-protein Nitrogen in the Bovine Rumen* 


5. THE ISOLATION AND NUTRITIVE VALUE OF A PREPARATION 
OF DRIED RUMEN BACTERIA 


By M. L. McNAUGHT anp J. A. B. SMITH 
The Hannah Dairy Research Institute, Kirkhill, Ayr 


AND K. M. HENRY anp 8S. K. KON 
National Institute for Research in Dairying, University of Reading 


(Received 4 July 1949) 


Pearson & Smith (1943) showed that when the liquid 
contents of the bovine rumen were incubated in 
vitro at 39° in the presence of a soluble carbohydrate 
such as starch or maltose, the non-protein nitrogen 
(N.P.N.) content of the liquid decreased markedly 

* Previous papers in this series were published under the 
general title ‘The Utilization of Urea in the Bovine Rumen’; 
see Smith & Baker (1944). 


within 4 hr., suggesting that significant amounts of 
protein were formed. Subsequent work by Smith & 
Baker (1944) confirmed this suggestion and showed 
that the formation of protein could be attributed to 
the growth and multiplication of the bacteria which 
abound in the rumen liquid. In growing and multi- 
plying, many of these bacteria not only synthesized 
protein, but were found also to build up and store a 
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starch-like polysaccharide. Smith & Baker suc- 
ceeded in making small preparations of dried 
bacteria before and after incubation, but before the 
assumption could be made that the value of the non- 
protein nitrogenous substances of feeding-stuffs can 
be attributed to the formation of bacterial protein in 
the rumen, it was obviously necessary to make a pre- 
paration of the mixed bacteria which would be 
sufficiently large for its digestibility and biological 
value to be determined. The present paper describes 
the preparation and analysis at the Hannah Institute 
of over 450 g. of the material, and the determination 
of its digestibility and biological value in experi- 
ments with rats at the National Institute for Re- 
search in Dairying. 


EXPERIMENTAL 


The preparation of a sample of dried rumen bacteria. It was 
realized at the outset that in order to obtain about 400 g. of 
the dried bacteria, free from any significant amount of 
contamination with feeding-stuff residues from the rumen, 
very large volumes of rumen liquid would have to be dealt 
with, and steps would have to be taken to get the maximum 
yield possible from this liquid. There were several possi- 
bilities. The fistula animal which was used to obtain the 
rumen contents could either be kept at grass or it could be 
stall-fed; the bacteria could be separated from the rumen 
liquid either immediately the liquid was removed from the 
rumen or after incubation in vitro with added carbohydrate. 
In preliminary tests it was found that by incubating the 
rumen liquid with maltose before isolating the bacteria, the 
weight of dried bacteria. obtained was increased by nearly 
50%, and the amount of bacterial protein by 34%. It was 
decided, therefore, to incubate the rumen liquid before 
making the bacterial preparation. In the preliminary tests 
it was found that when the animal was grazing, higher 
yields of the bacterial preparation could be obtained than 
when it was stall-fed, but owing to the length of time which 
would obviously be necessary to complete the work, it was 
not practicable to keep the animal at pasture for the dura- 
tion of the experiment. It was, therefore, decided to main- 
tain the animal on indoor rations, and throughout these 
particular experiments it was fed a diet consisting of 16 lb. 
hay, 2 1b. bean meal, 2 Ib. oats, 2 lb. dried grass, 2 lb. beet 
pulp and 15 Ib. cabbage per day. 

Over 400g. of the preparation of dried bacteria were 
made in small batches over a period of 3 or 4 months. Ina 
typical experiment 31. of rumen contents were removed 
from the rumen between 1 and 2 hr. after the animal had 
been fed. The contents were strained through muslin and 
cleared of protozoa and finely divided vegetable material by 
centrifugation for 5 min. at 2000 rev./min. (800 x g). Maltose 
(1%) and urea (0:05%) were then added to the liquid and a 
sample taken for pH and N.P.N. determinations. The urea 
was added to ensure that there was ample N.P.N. present. 
The main bulk of the liquid was incubated for about 4 hr. 
at 39°. At the end of this time a further small sample was 
taken for the estimation of pH and n.P.N., and the remainder 
measured and ‘clarified’ by passing it through a Sharples 
super centrifuge. The speed of the centrifuge was approxi- 
mately 24,000 rev./min., thereby giving a force of about 
14,500 x g on the surface of the rotating bowl, and the 
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liquid flowed through the centrifuge at the rate of 
3 1./hr. 

As the centrifuge slowed down, about 300 ml. of liquid 
rich in the smaller rumen bacteria flowed from the rotating 
bowl and were collected separately, while the bulk of the 
bacterial sediment adhered to the sides of the bowl as a 
thick slime. The liquid which drained off and the slime were 
placed immediately in ethanol, and the mixture was ground 
in a mortar. Shaking was not sufficient to disperse the 
bacteria. The bacterial suspension was then centrifuged and 
washed twice with ethanol and twice with ether. The residue 
was transferred to Petri dishes and the solvents allowed to 
evaporate, leaving a fine greyish white powder, which, when 
examined under the microscope, was found to consist 
mainly of bacteria and bacterial debris. The preparation 
from each batch of rumen liquid was stored in a refrigerator 
until the final batch had been dealt with. The preparations 
were then thoroughly mixed and the whole passed through 
a 90-gauge wire sieve. A total of 1301. of rumen liquid 
treated in this way in fifty-seven incubations produced 
461 g. of a dried bacterial preparation, a yield of 3-5 g./l. 

Analysis of the bacterial preparation. The bacterial pre- 
paration was analysed by the generally accepted methods: 
N by Kjeldahl, total carbohydrate by the gravimetric Cu,O 
method after hydrolysis, lipid by saponification followed by 
ether extraction, P by the colorimetric procedure of Fiske 
& Subbarow (1925) and Ca by the method of McCrudden 
(1911-12). In estimating total carbohydrate, allowance was 
made for the fact that on hydrolysis the furfural process for 
pentoses showed the presence of 4:1% pentose in the 
product. In the unhydrolysed product no free-reducing 
sugars were present. The preparation as analysed contained 
7-5% moisture. 


The analytical results calculated on a moisture- 
free basis are shown in Table 1 and are compared 
with figures given by Braude (1942) for dried yeast, 
and with typical figures for linseed cake. It will be 
seen from Table 1 that the protein and ash contents 


Table 1. Composition of the dried bacterial prepara- 
tion compared with published values for dried fodder 
yeast and for linseed cake, a typical concentrate 
feeding stuff 


(The sample of dried bacteria contained 1-35% P and 
0-29% Ca; the carbohydrates included pentose equivalent 
to 4-4% of the dried preparation. All percentage values in 
the table are calculated on a dry-weight basis.) 


Fodder Linseed 
Dried yeast cake 
rumen (Braude, (Woodman, 
bacteria 1942) 1945) 
Component (%) (% (%) 
Crude protein 44-4 52-6 33-2 
(N x 6-25) 
Carbohydrate other 40-3 36-1 40-0 
than ‘fibre’ 
Lipid matter 3-1 1-1 10-7 
‘Crude fibre’ 0-3 0-9 10-2 
Ash 71 9-3 5-9 
Total 95-2* 100-0 100-0 


* Several attempts have been made to identify the 
remaining 4-8%, so far without success. 


3 








34 


of the bacteria lay between those of the dried yeast 
and of the linseed cake, and that the carbohydrate 
content was much the same for all three products. 
The presence of so much phosphorus and pentose 
suggested that the preparation contained a consider- 
able amount of nucleic acid. It is hoped that it will 
be possible to make a thorough investigation of the 
nature of these nucleic acids in the near future. 

The proportion of the bacterial protein synthesized 
during incubation. In each of the fifty-seven incuba- 
tions necessary to make 461 g. of a bacterial pre- 
paration with 7-5 % moisture, records were kept of 
the decrease which occurred in the N.P.N. content of 
the liquid during the incubation period. It was cal- 
culated that in the whole experiment the total 
amount of N.P.N. converted to protein was 12-6 g., 
representing 78-8g. protein, whereas the total 
amount of protein in the 461 g. of preparation was 
189-5 g. It follows, therefore, that about 58 % of the 
bacterial protein was present originally when the 
rumen liquid was taken from the rumen and that 
about 42 % was synthesized during incubation. 

The purity of the bacterial preparation. Before the 
nutritive value of the bacterial preparation was 
determined, it was important to know whether the 
material was contaminated to any significant extent 
with feeding-stuffs or with protein derived from 
them. Microscopicalexamination had already shown 
that any contamination which may have existed was 
very slight. The following considerations also indi- 
cated that the preparation consisted mainly of 
bacteria and bacterial debris. (a) The ‘fibre’ content 
of the preparation estimated by the method recom- 
mended by the Association of Official Agricultural 
Chemists (1945) was 0-3 % (‘Table 1). Since the over- 
all fibre content of the diet fed in this experiment 
would be about 14% the amount of contamination 
must have been very slight—perhaps as low as 2 or 
3 % of the total. It will be seen from Table 1 that 
dried fodder yeast may contain 0-9 % ‘fibre’ which 
cannot possibly be contamination from feeding- 
stuffs so that the 0-3% recorded for the bacterial 
preparation may also not have arisen from this 
source. The contamination may therefore be even 
less than the ‘fibre’ content might suggest. (b) The 
possibility that the bacterial preparation might 
contain protein derived directly from feeding-stuffs 
was also investigated. An experiment was first made 
in which various feeding-stuffs were extracted with 
water at 37° for 2:5hr. The feeding-stuffs were 
removed by the centrifuging procedure normally 
employed in this work to remove vegetable matter 
from the rumen liquid before incubation, and the 
amount of N.P.N. and protein nitrogen remaining in 
the supernatant layer was estimated. It was found 
that the only constituent of the diet from which pro- 
tein was likely to be extracted was beans. This pro- 
tein was, however, almost entirely soluble in dilute 
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salt solution which makes it unlikely that it would 
be centrifuged from the rumen liquid during the pre- 
paration of the dried bacteria. However, to test the 
matter further, 5 g. of a mixture consisting of equal 
parts of bean meal, dried grass and bruised oats was 
incubated with 250 ml. rumen liquid at 37° for 1 hr., 
and then centrifuged to remove the feeding-stuff 
residues, a sample of the same rumen liquid being 
treated in the same way but without the addition of 
the feeding-stuff mixture. It was found that there 
was no significant difference in the level of N.P.N. and 
protein nitrogen in the resulting liquids, indicating 
that the bacterial preparation used in the present 
work for the determination of nutritive value was 
not likely to contain any significant amount of 
protein derived directly from feeding-stuffs. 

The nutritive value of the protein of the bacterial 
preparation. The method adopted was essentially 
that of Mitchell (1923—4a) and Mitchell & Carman 
(1926), the details of which have been described by 
Henry, Kon & Watson (1937). The bacterial pre- 
paration was fed to twelve weanling female rats in 
a diet of which it formed 18-1 % of the dry weight, 
the remaining constituents being cane sugar 15-0, 
potato starch 10-0, rice starch 42-9, margarine fat 
10-0 and salts (de Loureiro, 1931) 4:0%. (The salt 
mixture was the same as that described by Campbell, 
Olley & Blewett (1949) except that it contained no 
zine sulphate.) The diet, therefore, contained 8% 
protein, all of which was supplied by the bacterial 
preparation. As fed, the diet contained 9-8% 
moisture. Metabolic faecal nitrogen and endogenous 
urinary nitrogen were estimated during periods of 
6 days before and after the experimental period which 
was also of 6 days. The results are shown in 
Table 2. The mean biological value for the twelve 
rats was 88-3 with a standard error of the mean of 
+ 0-78, and the mean true digestibility 73-2 + 0-56. 
Two of the rats (nos. 7 and 8) showed a slight 
tendency to diarrhoea during the experimental 
feeding period, but this was rapidly overcome by 
slightly reducing the food intake. 


DISCUSSION 


Probably the earliest attempt to investigate the 
nutritive value of rumen bacteria was made by 
Miller (1906), who inoculated culture medium with 
rumen bacteria, and after allowing growth to pro- 
ceed for 3 days, precipitated the mixture with 
ammonium sulphate, washed the precipitate with 
ethanol, and fed a bitch with the dried product. He 
found that nitrogen retention on the ration con- 
taining the bacterial protein was similar to that on 
rations containing albumin and casein. More 
recently, Usuelli & Fiorini (1938) made preparations 
of rumen bacteria, of rumen protozoa and of residues 
of feeding-stuffs from the rumen, and gave them as 
supplements to a basal diet in growth experiments 
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with chickens. The basal diet supplemented with the 
residues of feeding-stuffs was not significantly better 
in promoting growth than the basal diet alone, but 
the bacterial and protozoan preparations brought 
about more rapid growth. A further endeavour was 
made to determine the nutritive value of the 
bacterial protein of therumen by Johnson, Hamilton, 
Robinson & Garey (1944), who made dried prepara- 
tions of rumen bacteria, of protozoa and also of an 
organism which they isolated in pure culture from 
the mixed rumen flora. Unfortunately only about 
80 g. of each preparation were available, with the 
result that only two or three rats could be used in the 
tests, and the results obtained for the individual rats 
varied greatly. Thus the three individual results for 
the biological value of the protein in the mixed 
rumen preparation were 56, 70 and 73. Moreover, 
the mixed bacterial preparation had a ‘fibre’ 
content as high as 1-4%, so that it may have been 
seriously contaminated with feeding-stuff residues. 

In the present work the biological value was found 
to be 88-2, which is high and compares favourably with 
that of dried-milk protein when determined by the 
same technique by Henry, Houston, Kon & Osborne 
(1939) and Henry, Kon, Lea & White (1948). It also 
lies between the values of 85-5 for yeast and 93-4 for 
milk found by Mitchell (1923-46) using his balance- 
sheet method and feeding the proteins at a level of 
5% in the diet. 

The value of 73-2 for the true digestibility is some- 
what low but it is strikingly similar to that of 74 
obtained by Mitchell (1923-46) for the crude protein 
of yeast. 

SUMMARY 


1. Rumen liquid (130 1.) was incubated at 39° for 
4 hr. in 57 batches of 2-3 1., each with 1% maltose 
and 0-05 % urea, and the bacterial sludge separated 
by centrifugation in a Sharples centrifuge. The sludge 
was dried by successive treatments with ethanol and 
ether. 

2. The dried preparation (461 g., of which 7-5% 
was moisture) contained on a dry weight basis 
44-4 % protein and 7-1% ash. Its analysis is com- 
pared with corresponding figures for fodder yeast 
and linseed cake. 

3. It was calculated that about 58% of the 
bacterial protein was present in the liquid as it was 
removed from the rumen. The remaining 42% was 
synthesized during incubation. The preparation did 
not appear to be contaminated with feeding-stuff or 
feeding-stuffs protein to any significant degree. 

4. The biological value and the true digestibility 
of the preparation were determined using twelve 
young female rats. The values obtained were 88-3 and 
73-2 respectively. 


The authors express their thanks to Dr P. S. Watts, for 
his help in maintaining the fistula animal in good health. 
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The Utilization of Non-protein Nitrogen in the Bovine Rumen 
6. THE EFFECT OF METALS ON THE ACTIVITY OF THE RUMEN BACTERIA 


By M. L. McNAUGHT, E. C. OWEN anv J. A. B. SMITH 
The Hannah Dairy Research Institute, Kirkhill, Ayr 


(Received 4 July 1949) 


In their investigations on the utilization of urea in 
the bovine rumen Pearson & Smith (19436) and 
Smith & Baker (1944) concluded that the bacteria 
which normally inhabit the rumen assimilate signifi- 
cant amounts of non-protein nitrogen (N.P.N.) and 
convert it to protein. The conclusion was based on 
the observed diminution of N.P.N. and the formation 
of protein in the liquid portion of rumen contents 
during incubation in vitro at 39° after addition of 
carbohydrate. This in vitro technique lends itself to 
the investigation of both the organic and mineral 
nutrilites which may be required by rumen bacteria, 
and in the present communication a description is 
given of experiments carried out to determine the 
effect of some of the more common metals on the 
activity of the rumen bacteria. The subject may have 
wide practical implications, for it is well known that 
diseases of stock resulting from mineral deficiencies 
are widespread and that the requirements of rumi- 
nants for some metals seem to be larger than those of 
other animals, a fact which suggests that the addi- 
tional requirements may be needed for the intense 
bacterial activity which is characteristic of the 
normal rumen. The importance to livestock of 
metals such as copper and cobalt has been widely 
discussed in the last few years, and reviews on the 
subject have been published by Green (1944) and 
Owen (1947). In Western Australia copper de- 
ficiency leads to ‘enzootic ataxia’ in lambs and to 
‘falling disease’ in cattle, and in Britain to ‘sway- 


back’ in sheep. In many parts of the world diseases 
of cattle and sheep, such as the ‘enzootic marasmus’ 
of Western Australia and the ‘vinquish’ of Scotland 
are now known to be caused by cobalt deficiency. 
Not only deficiency but also slight excess of certain 
metals in the diet of ruminants may lead to disease. 
Perhaps the best known example of this is the ‘teart’ 
of Somerset, to which only ruminants are subject, 
and which occurs in animals grazed on pastures 
having a high content of molybdenum (Ferguson, 
Lewis & Watson, 1943). 

The work described in the present paper was done 
in two sections. The object in the first section was to 
determine whether and at what levels copper, 
cobalt, molybdenum and iron were toxic to rumen 
bacteria, and in the second section to determine 
whether certain metals were essential for bacterial 
growth in rumen contents. Since the growth of 
rumen bacteria in pure culture is beset with many 
difficulties (Owen, 1947; Elsden & Phillipson, 1948) 
it is not possible to study the mineral requirements 
by growing the bacteria in a synthetic medium pur- 
posely made deficient in a given element. Moreover, 
there are grave doubts as to whether results obtained 
with pure cultures would help much in elucidating 
the processes occurring in the normal rumen where 
a mixed population of bacteria and protozoa is 
always found (Baker, 1943) and where symbiotic 
relationships of one species of micro-organisms 
to another almost certainly obtain (Owen, 1948). 
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Even a technique of extraction of chelate complexes 
with organic solvents as used by Zentmyer (1944) is 
not at present applicable to rumen work. It is there- 
fore necessary to use a technique such as that of 
Albert, Rubbo, Goldacre & Balfour (1947), in which 
synthetic organic compounds are used as chelating 
substances to form stable complexes with metals and 
thusrender them unavailable to the micro-organisms. 
These chelating substances bind metals in non-toxic 
form though they may themselves give rise to com- 
plex ions. For example, with 2:2’-dipyridyl, iron 
forms the complex ferrous tridipyridyl ion, which 
remains in solution but binds iron so effectively that 
only one iron atom in 10% remains in the simple 
ionic form (Albert & Gledhill, 1947). The effect of 
many of these chelating compounds on the growth of 
rumen bacteria in vitro has been investigated with 
the results now reported. 

In the experiments described in the first section 
increasing amounts of salts of various metals were 
added to rumen liquid before incubation in order to 
demonstrate the toxic limits of the metals used. The 
experiments described in the second section, in 
which incubation occurred in the presence of chelat- 
ing agents, were designed to demonstrate how much 
of a particular metal was required to permit protein 
synthesis. It has been possible to estimate the 
requirements of iron in this way. 


EXPERIMENTAL 


In both sections of the work the in vitro incubation technique 
of Pearson & Smith (1943a, 6) was used. The procedure in a 
typical experiment was to remove through a permanent 
rumen fistula in a bullock or cow about 31. of semi-solid 
rumen ingesta. This material was strained through muslin 
to remove coarse vegetable matter, and then, for most 
experiments, centrifuged at 2000 rev./min. (approximately 
800 x g) for times varying up to 5 min. to remove finer 
vegetable debris, protozoa and the larger zoogleal masses. 
The strained and centrifuged rumen liquid was divided into 
the required number of portions, and 1% maltose and 
0-05% urea added to each. The urea was added to ensure 
that lack of N.P.N. would not be a limiting factor, for on 
some diets the N.P.N. level in rumen liquid can be very low. 
One of the portions acted as a control, while to the other 
portions known concentrations of metals or chelating agents 
were added. Where the salt of a metal such as Cu was added 
to some portions a Na or K salt was usually added to one 
other portion to ensure that any effect attributed to the 
metal was not caused by an increase in salt concentration 
per se. Samples from each of the incubation flasks were 
taken both before and after incubation for 4 hr. at 39°, and 
their N.P.N. content determined by the sodium tungstate 
method described by Pearson & Smith (1943a). It has been 
shown by Smith & Baker (1944) that a decrease in N.P.N. 
occurring during incubation is correlated with an increase in 
bacterial protein, and that an increase in N.P.N. is associated 
with a decrease in bacterial protein. In the present work 
a measure of bacterial activity was obtained from the 
changes which occurred in N.P.N. expressed in mg. N/100 g. 
rumen liquid. 
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RESULTS AND DISCUSSION 
The tolerance of metals by rumen bacteria 


Copper. It was realized that when a Cu salt was 
added to rumen contents some of the Cu would 
probably be adsorbed by the vegetable particles sus- 
pended in the rumen liquid, and that this would 
affect the amount of metal which the bacteria would 
appear to tolerate. Three separate tests were there- 
fore made. In one of the tests (no. 3) the rumen 
liquid was strained through muslin and not centri- 
fuged; in the other two (nos. 1 and 2) the protozoa 
and vegetable particles were partially or almost en- 
tirely removed by centrifuging the rumen liquid at 
2000 r.p.m. for either 2 or 4 min. It will be seen from 
Table 1 that when 10 p.p.m. of Cu were added to the 
rumen liquid, which was relatively free from pro- 
tozoa and vegetable particles (no. 1), the amount of 
N.P.N. converted to protein in 4 hr. was only 0-9 mg. 
N/100 g. rumen liquid compared with 12-0 mg. in the 
control which contained 50 p.p.m. of added Na but 
no added Cu. Higher concentrations of Cu up to 
50 p.p.m. caused a similar decrease in the amount of 
protein synthesis, the values obtained varying from 
0-6 to 1-9 mg. N/100 g. rumen liquid. (A value of 0-6 
cannot be regarded as differing significantly from 
one of 1-9 when the difficulties involved in making 
the determinations are considered.) In the rumen 
liquid which had been centrifuged for only 2 min. 
and also in the uncentrifuged sample, bacterial 
growth appeared to be practically unaffected by the 
addition of 10 p.p.m. of Cu. It is probable, therefore, 
that in these samples the vegetable particles ad- 
sorbed some of the Cu and thus rendered that 
portion of it harmless to the bacteria. 

With the sample centrifuged for 2 min. the addi- 
tion of 100 p.p.m. of Curesulted in aslight hydrolysis 
of the protein, whereas 1000 p.p.m. caused complete 
fixation. With the sample which was not centrifuged, 
increasing the amount of Cu reduced the amount of 
synthesis and ultimately hydrolysis tended to pre- 
dominate and increase. These results are similar to 
those obtained by Pearson & Smith (19436) for the 
effect of NaF in similar experiments with rumen 
contents. From the earlier work with fluoride and 
the present work with Cu it is clear that as the con- 
centration of a toxic element increases, protein syn- 
thesis is reduced and hydrolysis gradually pre- 
dominates until ultimately, when the concentration 
of the element is sufficiently high, enzyme action is 
completely inhibited and no change occurs. Since 
Na,SO, at a concentration equivalent to 500 p.p.m. 
of Na had no marked influence, it can be concluded 
that the inhibitory effect when CuSO, was present 
was due solely to the Cu. 

It is clear from the results in Table 1 that a con- 
centration of 10 p.p.m. of Cu was the maximum 
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Table 1. Effect of copper on the activity of rumen bacteria as judged by the amount of protein synthesis 
occurring in 4 hr. at 39° 


Exp. Treatment of the rumen liquid 
no. before incubation 

1 Strained through muslin and centrifuged 
for 4 min. at 2000 rev./min. (relatively 
free from vegetable particles and 
protozoa) 

2 Strained through muslin and centrifuged 
for 2 min. at 2000 rev./min. (many of the 
vegetable particles and protozoa 
removed) 

3 Strained through muslin but not 


centrifuged (rich in vegetable particles 
and protozoa) 


which could safely be present in the rumen liquid 
even when vegetable particles were present, since 
with 12-0 p.p.m. the amount of synthesis was greatly 
reduced. 

Cobalt, molybdenum and iron. For the tests with 
these three metals rumen liquid strained through 
muslin and centrifuged for 2 min. at 2000 r.p.m. was 
used. The results for Co in Table 2 show that 
10 p.p.m. brought about a reduction in the amount 
of protein synthesis, but that some synthesis occurred 
even with 100 p.p.m. With 1000 p.p.m., however, no 
measurable change in N partition occurred. The 
results for Mo (Table 2) were similar in that 10 p.p.m. 
reduced the amount of synthesis as compared with 
the control, but at least 2000 p.p.m. were required to 
reduce it to a negligible amount. With Fe, 10 and 
100 p.p.m. did not appear to have any effect, but 
1000 p.p.m. reduced the synthesis which occurred in 
4 hr. to a negligibly small amount. At higher con- 
centrations of Fe, up to 2000 p.p.m., protein hydro- 
lysis predominated. 

Of the metals tested, Cu was clearly the most 
toxic, and the rate of increase of toxicity with con- 
centration was much greater with Cu than with the 
others. One instance has been published by Becker, 
Neal, Arnold & Rusoff (1938) in which feeding 2 g. 
Cu/1000 lb. body weight/day to cattle caused toxic 
effects. Assuming that the capacity of the rumen of 
a 1000 lb. animal is 20 gal., 2 g. Cu if given all at one 
time could give a concentration of 22 p.p.m. in the 
rumen contents. It may be, therefore, that the 
toxicity of the Cu was due at least in part to its effect 
on the rumen microflora. On the other hand, 





Synthesis (+) or 


Concentration hydrolysis ( —) 
Substances of metal (mg. N/100 g. 
added (p.p.m.) rumen liquid) 
Na as Na,SO, 50 +12-0 
10 + 0-9 
12 + 06 
Cu as CuSO, 14 + 16 
25 + 08 
50 + 19 
Na as Na,SO, { a — 
10 +10-2 
Cu as CuSO, 100 - 16 
1000 - 01 
No addition 0 + 7:0 
Na as Na,SO, 50 + 6-4 
10 + 71 
12 + 28 
14 + 23 
17 1-8 
Gu a0 Gul, 20 + 04 
25 - 31 
33 - 14 
50 - 53 


Liebscher (1937) observed no toxic effects when 
2-13 g. Cu were fed. 


Table 2. Effect of cobalt, molybdenum and iron on the 
activity of rumen bacteria as judged by the amount 
of protein synthesis occurring in 4 hr. at 39° 


Synthesis (+) or 
Concentration hydrolysis (-) 


of metal (mg. N/100 g. 

Substance added (p.p.m.) rumen liquid) 
No addition 0 +11-9 
Na as Na,SO, 1000 +12-6 
10 + 88 
Co as cobaltous setate| 100 + 3-4 
1000 + 06 
No addition 0 +116 
K as KOH 1670 +11-3 
10 + 89 
( 100 + 86 
Mo as K,MoO, 1000 + 53 
| 2000 + 1-0 
4000 0-0 
No addition 0 +10-1 
10 +11-5 
Fe as FeCl, | 100 +11-6 
1000 - 10 
No addition 0 + 64 
100 + 6-0 
Fe as FeCl, 1000 + 08 
2000 - 16 


On feeding 0-5 g. Co/1000 lb. body weight/day, an 
amount which would give a concentration of only 
5 or 6 p.p.m. in the rumen liquid, Becker et al. (1938) 
and Keener, Percival, Morrow & Ellis (1947) ob- 
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served no toxic effects, and certainly from the results 
recorded here the possibility of depressing normal 
bacterial action in the rumen by therapeutic treat- 
ment with even quite large doses of Co seems very 
remote. 

The present results for Mo suggest that the ‘teart’ 
of Somerset isnot caused directly by interference with 
bacterial activity in the rumen. The disease occurs on 
pastures in which there is up to 100 p.p.m. of Mo in 
the dry matter, and this would be expected to give a 
concentration of less than 10 p.p.m. in the rumen 
contents. 

The experiments with Fe showed that the rumen 
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It is known that pure cultures of some organisms are 
inhibited by small amounts of Fe in the medium 
(1-3 p.p.m.) but this inhibition is strongly antago- 
nized by citrate, so that the low toxicity of Fe in 
rumen liquid may be attributed in part to the organic 
acids which it is known to contain. 


Experiments on the mineral requirements 
of rumen bacteria 


The effect of some chelating agents. As in the first 
section the bacterial activity, obtained by incubating 
strained and centrifuged rumen liquid containing 
1% maltose and 0-05 % urea in vitro in the presence 


bacteria are not likely to suffer from Fe poisoning. of the substances being tested, was estimated by the 


Table 3. Effect of various chelating agents (10-*m) on bacterial activity in rumen liquid as judged by 
the amount of protein synthesis occurring on incubation for 4 hr. at 39° 


Protein synthesis (+) 
or hydrolysis ( —) 
mg. N/100 g. rumen liquid Depression 
of synthesis 
Control (no expressed 
chelating Chelating as%of Metals with which some of the agents 
agent agent synthesis in were found by Albert & Gledhill (1947) 
Reagent present) added the control to chelate at pH 6-5-7-3 and 37° 
| 8-Hydroxyquinoline +10-4 + 14 87 Cd, Co, Cu, Fe++, Fe+++, Mn, Pb, Zn 
; Thioglycollic acid + 71 + 75 _— Co 
Cupron (benzoinoxime) + 68 — Cu 
Titan-yellow* + 7:8 — Cu 
Potassium ethyl xanthate + 49 31 Cd, Co, Cu, Pb 
2:2’-Dipyridyl - 08 >100 Fet+ 
Sodium diethyldithiocarbamate +13-0 + 7:8 40 Cd, Co, Cu, Fet+, Fe+++, Mn, Pb, Zn 
Dithizone (diphenylthiocarbazone) +11-2 Slight Cd, Co, Cu, Pb, Zn 
1-Nitroso-2-napthol + 3-2 75 Co, Cu, Fe++, Fe+++, Mn, Pb, Zn 
Cupferron (ammonium +11-1 Slight Cu, Fet+, Fet++ 
nitrosophenylhydroxylamine) 
Rubeanic acid (dithicoxamide) + 41 68 Cd, Co, Cu, Pb, Zn 
Dipicrylamine +54 — 24 > 100 — 
Salicylaldoxime + 33 39 Cu, Fet++, Pb 
o-Phenanthroline - 12 >100 Fet+ 
Alizarin-S (sodium 1:2-dihydroxy- + 41 Slight — 
anthraquinone-3-sulphonate) 
Quinalizarin (tetrahydroxyanthra- - 11 80 Cd, Co, Cu, Fet+, Fet++, Mn, Pb, Zn 
quinone) 
Nitroso-R-salt (sodium 1-nitroso-2- +51 + 58 a Co, Cu, Fet+, Fet+++ 
‘ naphthol-3:6-disulphonate) 
2-Nitroso-1-naphthol + 35 3i _— 
Curcumin} + 56 -= — 
Diphenylcarbazone + 48 — Cu, Zn 
Ammonium thiocyanate +75 + 87 ~- —_ 
Potassium ferrocyanide - 85 — _ 
Diacetyl monoxime + 69 — _- 
Resorcinol + 7:8 — a 
Phenylhydrazine + 06 92 _ 
» Triethanolamine + 66 - — 
Phenylthiohydantoic acid +45 + 2-1 53 Cd, Co, Pb, Zn 
Chromotropic acid (sodium 1:8-di- + 52 — Cu, Mn, Pb 
hydroxynaphthalene-3:6-disulphonate) 
Thiourea +8-1 + 80 _- Cu 
Benzidene sulphate + 68 Slight — 
Sodium 2-chloro-5-nitrotoluene-8- + 7:3 — — 


sulphonate 


* Sodium 4:4’-di-(6-methyl-2-benzthiazolyl)-diazoaminobenzene-2:2’-disulphonate. 
{ 1:7-Bis-(4-hydroxy-3-methoxy-3-methoxypheny])-hepta-1:6-diene-3:5-dione. 
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change which occurred in N.P.N. concentration. The 
chelating agents were added in amounts sufficient to 
give a final concentration of 0-001Mm. The results of 
the tests made with thirty-one chelating agents are 
given in Table 3. Nineteen of these reagents were 
among those which had been shown by Albert & 
Gledhill (1947) to chelate with metals at pH 6-5-7-3 
and 37°, conditions similar to those existing in the 
rumen incubation flasks in the present experiments. 
The remaining twelve were all chelating agents 
frequently used in the estimation of metals. Of the 
thirty-one reagents only eleven caused more than a 
35 % depression of synthesis as compared with the 
appropriate control. Probably most of these eleven 
caused the depression by chelating with metals 
particularly Fe, but at least one of them, phenyl- 
hydrazine, is well known as an enzyme inhibitor 
apart from its chelating properties. Further tests 
were made with some of the eleven inhibiting re- 
agents to determine whether they exerted their 
effect by reducing the concentration of certain 
metals to less than the minimum essential for 
bacterial growth. 

8-Hydroxyquinoline (oxine). The preliminary test 
(Table 3) indicated that synthesis was almost en- 
tirely depressed by the presence of 0-001™M oxine. 
Further tests were made with concentrations ranging 
from 0-00006m to 0-004m. The results which are 
recorded under Exp. no. | in Table 4 showed that 
increasing the concentration of oxine caused the 
amount of synthesis to decrease until with 0-004m 
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hydrolysis predominated. Attempts were made to 
reverse the inhibition of oxine by adding a solution 
containing Co, Cu, Fe, Mn, and Zn in the proportions 
found in pasture (Mitchell, 1944). Sufficient of the 
metals was added to chelate with all the added oxine. 
The results recorded for Exp. 3 in Table 4 show that 
the mixture of metals only partially overcame the 
depression of synthesis caused by the oxine. 

Further attempts to reverse the effect of oxine 
were made with CuSO,, FeSO,, CoCl, and a solution 
of the ash of rumen liquid. The metals were added in 
twice the amount believed to be necessary to com- 
bine with all the oxine. The results in Table 4 show 
that there was a very slight reversal with Cu and Fe 
but none with Co or with the ash solution. It was 
concluded from these experiments that either the 
oxine was not reacting solely with the metals, or the 
solutions used to reverse its effects did not have an 
optimal ionic balance. 

Oxine as a chelating agent has the disadvantage 
that it is not sufficiently specific for bringing about a 
deficiency of any one metal since it forms complexes 
with so many (Albert & Gledhill, 1947). It was 
therefore decided to concentrate on the two re- 
agents, 2:2’-dipyridyl and o-phenanthroline, which 
caused inhibition of synthesis in the preliminary 
tests (Table 3) and which were found to be specific 
for Fe under the conditions used by Albert & 
Gledhill (1947). 

2:2’-Dipyridyl and o-phenanthroline. The results of 
the first experiment with these reagents are shown in 


Table 4. Effect of 8-hydroxyquinoline (oxine), when added to rumen liquid alone and also with various metals, 
on the amount of protein synthesized by rumen bacteria in vitro 


Protein synthesis (+) 
or hydrolysis ( —) 


Exp. (mg. N/100 g. 
no. Substance added to rumen liquid rumen liquid) 

1 None +11-2 

( 0-00006 m +10-0 

‘eminoline | 0°00025™ + 73 

8-Hydroxyquinoline -‘ 0-001 mt + 44 
\o-004 oo 

2 None + 68 

Metals only* + 78 

Seka e (0-002m alone* - 0-9 

8-Hydroxy quinoline 10-001 mt +metals* + 2-9 

3 None +10-4 

- a. (0-001M + 14 

8-Hydroxyquinoline 19.99) 1 + CuSO, 0-0005™ + 31 

4 None + 5-2 

(0-001 m - 0-9 

8-Hydroxyquinoline /0-001m+CoCl, 0-001m — 0-2 

(0-001 m + FeSO, 0-001m + 1-2 

5 None + 49 

: - 1. (0-001 M — 02 

8-Hydroxyquinoline \0-001 m +solution of ash of rumen liquid - 0-2 


* The metals consisted of Co, Cu, Fe, Mn and Zn in the proportions found in pasture (Mitchell, 1944), 
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Table 5. The inhibitory effect of the reagents at a 
concentration of 0-001mM was confirmed, and it was 
found that when just enough Fe to react with the 
added chelating agents was present protein synthesis 
was restored. Since these two agents have similar 
chelating properties and behave so similarly in 
rumen liquid, only one of them (o-phenanthroline) 
was used in further investigations. In later experi- 
ments, as shown in Table 5, it was found that as low 
a concentration as 0-0001m o-phenanthroline was 
sufficient to inhibit synthesis. 
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bacteria with the help of o-phenanthroline was 
pursued. Experiments were made in which the con- 
centration of ‘available’ Fe in the rumen liquid was 
adjusted by the addition of o-phenanthroline and 
FeSO, in varying amounts. The ‘available’ Fe refers 
to the Fe in the rumen liquid not in combination 
with o-phenanthroline. By the method of Pyenson 
& Tracy (1945) it was found that the amount of Fe 
occurring naturally in the rumen liquid was between 
1 and 2 p.p.m. It was calculated, therefore, that 
approximately 0-0001™m o-phenanthroline would be 


Table 5. Effect on protein synthesis of adding 2:2’-dipyridyl, or o-phenathroline alene 
and also in combination with iron or other metals 


Protein synthesis (+) 
or hydrolysis ( —) 


Exp. (mg. N/100 g. 

no. Substance added rumen liquid) 
1 None +11-4 
o-Phenanthroline (0-001 m) - 09 
o-Phenanthroline (0-001 m) + FeSO, (0-00033 m) +11-2 
2:2’-Dipyridyl (0-001 m) - 03 
2:2’-Dipyridyl (0-001 m) + FeSO, (0-00033 m) +10-1 
2 None + 6-7 
o-Phenanthroline (0-0001 Mm) 0-0 
o-Phenanthroline (0-0001 m) + CoCl, (0-0001 m) + 51 
o-Phenanthroline (0-0001 m) + FeSO, (0-0001 m) + 9-7 
o-Phenanthroline (0-0001 m) + CuSO, (0-0001 m) + 0-4 
o-Phenanthroline (0-0001 m) + ZnSO, (0-0001 m) + 46 
o-Phenanthroline (0-0001 m) + MnSO, (0-0001 m) + 2-0 


To ascertain whether o-phenanthroline is entirely 
specific for Fe the effect of adding some other metals 
to rumen liquid containing sufficient o-phenan- 
throline to give complete inhibition was investigated. 
The results given in Table 5 showed that only Fe 
completely restored synthesis. In fact with this 
particular sample of rumen liquid extra Fe appeared 
to stimulate synthesis. Of the other metals tested 
Co and Zn produced significant reversals of inhibi- 
tion which suggested either that these metals could 
be utilized by the bacteria in place of Fe or that they 
competed with Fe for o-phenanthroline and so 
released some Fe. The latter explanation seemed the 
more likely. An experiment was made, therefore, in 
which o-phenanthroline was added to a solution of 
Fe alone, and to solutions containing mixtures of Fe 
and Co or Zn. Only enough o-phenanthroline was 
added to react with the Fe in each solution. In the 
solutions containing mixtures of Fe and Zn or Co it 
was shown that some Fe was not chelated. This is in 
agreement with the findings of Fortune & Mellon 
(1938), who showed that in analytical work the 
presence of Zn and Co affected the formation of the 
ferrous o-phenanthroline complex. It wasconcluded, 
therefore, that these metals partially reversed the 
inhibition caused by o-phenanthroline by freeing 
some of the Fe from the chelate complex. 

In view of these findings the original plan of 
attempting to assess the Fe requirement of the 


sufficient to reduce the available Fe to zero. This was 
the minimum concentration of o-phenanthroline 
already found by experiment to be necessary to 
inhibit synthesis. Two experiments were made in 
which the available Fe in several samples of the same 
rumen liquid was adjusted, first by adding amounts 
of o-phenanthroline between 0-00002 and 0-0001, 
and then by the addition of Fe as FeSO, in amounts 
up to approximately 4 p.p.m. The results given in 
Table 6 show that in both experiments protein syn- 
thesis was much reduced when the available Fe was 
made less than 1 p.p.m. by the addition of o-phen- 
anthroline. On adding Fe to the rumen liquid in 
which all the naturaliy occurring Fe had been coupled 
with o-phenanthroline the addition of as little as 
1 p.p.m. was all that was required to restore synthesis. 

The iron content of rumen bacteria. Because the 
amount of Fe present in the rumen liquid of animals 
not having access to pasture lay between 1 and 
2 p.p.m., and because slight stimulation of protein 
synthesis occurred on increasing the Fe content, it 
was thought that the naturally occurring Fe might be 
suboptimal on some diets. In one of the experiments 
(Exp. B, Table 6) an attempt was therefore made to 
estimate the Fe occurring naturally in the rumen 
organisms and in the ‘cell-free’ filtrate. The organ- 
isms were separated by centrifugation and washed 
twice with water. The Fe contained in the cells 
amounted to 0-43 p.p.m. in terms of the whole 
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Table 6. Effect on protein synthesis of varying the concentration of available iron 
Exp. A Exp. B 
Naturally occurring Fe Naturally occurring Fe 
1-93 p.p.m. (c) 1-38 p.p.m. (d) 
Fe bound by Protein Protein 
o-phenan- synthesis (+) synthesis (+) 
Incu- o-Phenan- throline Added Fe Available Fe orhydrolysis(-—) Available Fe or hydrolysis(—) 
bation throline (p.p.m.) (p.p.m.) (p.p.m.) (mg. N/100 g. (p.p.m.) (mg. N/100 g. 
no. added (a) ()) (6+c-a) rumen liquid) (6+¢-d) rumen liquid) 
1 m/50,000 0-37 None 1-56 +45 1-01 +46 
2 m/40,000 0-47 None 1-46 +49 0-91 +1-0 
3 m/30,000 0-62 None 1-31 +5-0 0-76 +15 
+ m/20,000 0-93 None 1-00 +44 0-45 -0-1 
5 m/10,000 1-86 None 0:07 +0°8 None -0°5 
6 ™/10,000 1-86 0-47 0-54 +1-6 None -0-7 
7 m/10,000 1-86 0-93 1-00 +3-9 0-45 +10 
8 m/10,000 1-86 1-41 1-48 +5:7 0-93 +2-5 
9 m/10,000 1-86 1-86 1-93 +59 1-38 +46 
10 m/10,000 1-86 3-72 3-79 +6-8 3-24 +3-6 
il None None 3-72 5-65 +6-6 5-10 +6-2 
12 None None None _ 1-38 +5-0 


rumen liquid, whereas the amount in the cell-free 
rumen liquid was 0-9 p.p.m. The two fractions there- 
fore accounted for 1-33 p.p.m. of Fe, which agreed 
closely with the Fe content of 1-38 p.p.m. recorded 
in Table 6 for the whole rumen liquid. In another 
experiment the amount of Fe in the micro-organisms 
centrifuged from a sample of rumen liquid before 
incubation was 0-36 p.p.m. in terms of the whole 
rumen liquid, whereas after incubation it had in- 
creased to 0-65 p.p.m., thus demonstrating a con- 
centration of Fe by the organisms. The fact that Co is 
concentrated by rumen bacteria from their environ- 
ment has been shown recently by Tosic & Mitchell 
(1948). 
SUMMARY 

Using the diminution of non-protein nitrogen in 
bovine rumen liquid when incubated in vitro as an 
index of bacterial growth, the following observations 
were made. 

1. In rumen liquid which was strained through 
muslin and centrifuged at 2000 r.p.m. (800 x g) for 
2 inin., the bacteria were able to tolerate 100 p.p.m. 
iron, 10 p.p.m. copper, somewhat less than 10 p.p.m. 
cobalt and between 100 and 1000 p.p.m. molyb- 
denum. 

2. Growth of the bacteria was definitely inhibited 
by 1000 p.p.m. iron, 25 p.p.m. copper, 1000 p.p.m. 
cobalt and 2000 p.p.m. molybdenum. 

3. Of aseries of organic reagents used in analysis of 


solutions for metallic ions several were found which 
strongly inhibited bacterial growth. The inhibitions 
of growth produced by 8-hydroxyquinoline, 2:2’- 
dipyridy] and o-phenanthroline were further studied. 
The inhibition produced by 8-hydroxyquinoline did 
not seem to be due to a specific interference, for it 
could be reversed only in part by metallic ions or 
mixtures of metallic ions. The inhibitions due to the 
other two compounds were however completely 
reversed by adding iron and partly reversed by 
adding cobalt or zinc. It is suggested that the re- 
versals of these inhibitions by cobalt and zine were 
due to their reacting with some of the chelating 
agents and thus making some iron available. 

4. With increasing concentrations of o-phenan- 
throline inhibition of bacterial growth increased. 
When just sufficient o-phenanthroline was added to 
cause complete inhibition of growth successively in- 
creasing amounts of added iron were found to cause 
increasing amounts of protein synthesis. By this 
means it was shown that 1—2 p.p.m. of iron in rumen 
liquid produced good growth. 

5. The amount of iron associated with the micro- 
organisms was found to increase on incubation in 
vitro. 


The authors are indebted to Dr P. S. Watts for his help in 
maintaining the fistula animals in good health. They also 
gratefully acknowledge the financial assistance kindly given 
by Messrs Imperial Chemical Industries Ltd. 
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Subarachnoid Space of the Brain of the Rat 
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In the literature little information is given on the rate 
of phosphorylations in the brain, and even the few 
studies which have been made in this field are with- 
out real value because of unsatisfactory experi- 
mental conditions and methods. Perhaps the main 
reason for this neglect is that many acidic substances 
hardly penetrate into the brain at all from the re- 
mainder of the organism. The ‘blood-brain barrier’ 
acts as an extremely effective obstacle to any ex- 
change of such substances between the central 
nervous system and the rest of the organism, and 
thus makes the former with respect to permeability 
a virtually ‘closed’ system. Hevesy (1939a, b) and 
Hevesy & Hahn (1940) have shown that even a fairly 
long time after subcutaneous or intravenous in- 
jection of *2P only a very small fraction of the sub- 
stance could be found in the brain and a number of 
workers have, erroneously, interpreted these results 
as implying that the brain must have a very low 
turnover rate (Borell & Orstrém, 1947; Reiss, 
Badrick & Halkerston, 1949). This, however, by no 
means follows from the experimental findings. 

Bakay & Lindberg (1949), in their investigations 
on the role of the cerebrospinal fluid in the meta- 
bolism of the brain, showed that **P injected intra- 
cisternally spread very rapidly into different parts of 
the rabbit’s brain, and that after a relatively short 
time a considerable part of the newly introduced 
phosphate could be found in organic linkage. But 
these experiments did not yield a detailed picture of 
the metabolic conditions. The object of the present 
study was to investigate the extent and the rate of 
incorporation of the newly introduced phosphate 
into the various acid-soluble phosphorus fractions 
and also the turnover rate of these fractions inside 
the barrier. 


EXPERIMENTAL 


Operative procedure. White rats (100-150 g.) were in- 
jected with about 0-1 ml. of a solution containing approx. 
0-1 me. **P and a negligible amount of phosphate. The in- 
jections were made without anaesthetic as follows: the in- 
jection needle was placed in the sutura sagittalis on a level 
with the connecting line between the two eyes and forming 
an angle of about 45° with the frontal plane (see Fig. 1) and 





Fig. 1. Intracranial injection on rats. 


was introduced by rotation under moderate pressure. The 
injected solution thus enters the space between the bulbi 
olfactorii, whence it can spread easily in the subarachnoid 
space without injuring important motor or vegetative 
centres. Following the injection the condition of the 
animals was observed. Usually no change was noted. In the 
cases in which convulsions, paralysis, or other symptoms of 
relatively severe brain injury were observed, however, the 
animals were either rejected or used for longer experimental 
periods. 

Preparation of samples. The animals were killed by drown- 
ing in acetone cooled to —60 to —70° with CO,, in which 
they died instantly. They were taken out about 15 min. 
after death and kept in solid CO, until required. 

The brains were removed under continuous cooling with 
solid CO, with the aid of a hammer and chisel (see LePage, 
1946). A small portion of the medulla oblongata (1-5 mg.) 
was placed directly in the electron counter to see whether 
the labelled phosphate had entered and spread in the brain. 
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The brains were ground to a fine powder in a mortar cooled 
with solid CO, and extracted with approx. 15 ml. saturated 
(NH,),SO,/brain for about 15 min. with the aid of a com- 
pressed-air driven rotating glass rod. During extraction the 
temperature was not allowed to rise above — 10°; this was 
accomplished by cooling with an ice-salt mixture. The 
samples were then filtered through a Biichner funnel 
(4cm.) using double filter papers. The filter was washed 
with approx. 5 ml. extraction solution. Approx. 0-05 ml. of 
the extract was dried rapidly under a heating lamp and the 
radioactivity measured in the electron counter. Having 
thus obtained an approximate value for the **P content of 
the extract, a fraction (usually 1-2 ml.), corresponding to 
465counts/min., was diluted to 100 ml., 2 ml. of this diluted 
extract were taken for each analysis. 





Analytical methods 


Apart from the isotope experiments a number of ordinary 
phosphate determinations were made. For these the 
animals were decapitated. The brains were removed, 
weighed and extracted with 10% (w/v) trichloroacetic acid. 
Total and labile P determinations were made on measured 
fractions of the extract (a) after 10 min. hydrolysis with 
n-HCl at 100°, and (6) after combustion with H,SO,. The P 
value after hydrolysis was considered to consist of the sum 
of the orthophosphate, creatine phosphate, and the fraction 
representing the two labile P atoms of adenosine-tri- 
phosphate (labile ATP-P) of the sample, while the difference 
between total and labile P corresponds to the phosphate 
content of the ‘residual fraction’. Each estimation in the 
two types of experiment was made in quadruplicate. 

Phosphate determinations were carried out according to 
the methods of Fiske & Subbarow (1925) and Briggs (1922). 
The colour was measured at 660 my. in a Klett Summerson 
photometer. 

Radioactivity was determined in a Geiger-Miiller counter 
following precipitation of the phosphate as MgNH, salt 
(Lindberg, 1946). To determine activity of the ortho- 
phosphate fraction the phosphate was precipitated directly 
by Fiske’s reagent. The activity of the creatine phosphate 
was determined after 4 min. hydrolysis with N-HCl at 60°; 
with these conditions, according to hydrolysis curves made 
with the pure substances in question, 84% of the creatine 
phosphate and 10% of the labile ATP-P is split. The values 
recorded in Table 1 were calculated using this correction. 
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Using a similar correction the activity of the labile ATP-P 
was determined after 10 min. hydrolysis with N-HCl at 
100°. The total activity of the samples was measured 
following combustion with H,SO,. The values for ATP 
obtained by acid hydrolysis were checked in some experi- 
ments by enzymic splitting with adenosine pyrophosphatase 
(apyrase) and with myosin. Potato apyrase was purified 
according to Kalckar (1944). The samples were incubated in 
succinate-borate buffer, pH 6-0 at 30°. Myosin was purified 
according to Bailey (1942); the incubation was carried out 
according to DuBois & Potter (1943). 

Activity of the triosephosphate fraction was determined 
after 5 min. hydrolysis with 2N-NaOH at room temper- 
ature. Hexosediphosphate activity was measured after in- 
cubation with aldolase, followed by determining the activity 
of the triosephosphate formed. Aldolase was isolated and 
the samples were incubated according to Herbert, Gordon, 
Subrahmanyan & Green (1940). The phosphate which, after 
10 min. hydrolysis at 100° with n-HCl, is still present in 
organic linkage is called ‘residual fraction’. 


RESULTS AND DISCUSSION 


The results of the isotope experiments are shown in 
Table 1. A few experiments which displayed notable 
anomalies, probably because of inadequate cooling 
during extraction or other technical errors, were 
rejected. The values, given in percentages of the 
total activities of the samples, are in most cases the 
mean values of two or three experiments. 

The activity of the labile ATP-P, determined in 
two cases by plotting the curves for the enzymic 
splitting with apyrase, which like acid hydrolysis 
revives two phosphate groups, gave 110-1 and 
100-4 %, respectively, of the values obtained by acid 
hydrolysis. With myosin, which hydrolyses only the 
terminal phosphate group, in another experiment 
44-4% of the acid hydrolysis value was obtained; 
this corresponds to 88-8 % of the value obtained with 
phosphate. Thus these control experiments provide 
a satisfactory check of the methods. No activity in 
the form of hexosediphosphate or triosephosphate 
could be demonstrated. 


Table 1. Distribution of intracranially injected **P among the acid-soluble phosphate fractions in rat brain 
Total 22P content of the sample in the form of 


Duration No. Ortho-P 
of exp. of exps. (%) 
2 min. 2 59-1 
5 3 48-1 
10 1 44-9 
26 2 44-5 
45 2 36-0 
65 2 36-5 
103 3 36-7 
3 hr. 2 31-1 
4 3 29-9 
8 1 24-0 
16 1 30-7 
24 2 34:3 


Labile P 
Creatine P Labile ATP-P ‘Residual’ P © 

(%) (%) (%) 

6:3 28-9 5-7 

9-0 36-4 6-5 
11-1 36-4 7-6 
13-9 36-8 4:8 
13-8 40-3 9-9 
12-6 35-6 15-3 
15-1 31:3 16-9 
15-2 34-7 19-0 
18-1 34-1 17-9 
16-7 33-0 26-3 
16-6 26-9 25-8 
11-1 28-7 26-0 
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Table 2. The distribution of **P between ortho- 
phosphate and the labile phosphate esters 


(a) Ratio orthophosphate/labile phosphate 


Impulses Thereof 
ortho-P+ = —©=©£(<————__*— 
labile P Ortho Labile 
(from Table 1) (Ko) (K;) 
Time (%) (%) (%) 
2 min, 94:3 62-8 37-2 
5 93-5 51-5 48-5 
10 92-4 48-6 51-4 
26 95-2 46-7 53-3 
45 90-1 40-0 60-0 
65 84-7 43-1 56-9 
103 ‘ 83-1 37-4 62-6 
3 hr. 81-0 38-4 61-6 
4 821 36-4(70=994 ¢3.¢ (41 =606 
8 73-7 32-6 67-4 
16 74-2 41-4 58-6 
24 74-0 46-4 53-6 
(b) Ratio labile ATP phosphate/creatine phosphate 
Impulses Thereof 
labile ATP- 
P+creatine P Labile ATP-P Creatine P 
/ (from Table 1) (K4) (Kx) 
Time (%) (%) (%) 
2 min. 35-2 82-1 17-9 
5 45-4 80-2 19-8 
10 47-5 76-6 23-4 
26 50-7 72-6 27-4 
45 54-1 74:5 25-5 
65 48-2 73-9 26-1 
103 46-4 67-4 32-6 
. hr. 49-9 69-1 30-5 
52-2 65-3 34-7 
8 49-7 664[74=671 59.6 (J x=329 
16 43-5 61-8 38-2 
24 39-8 72-1 27-9 


Table 1 shows that during the period of investiga- 
tion the greater part of the newly introduced *?P is 
present in the form of orthophosphate plus labile P. 
The distribution of activity at different times 
between these fractions is indicated in Table 2. This 
shows that the values of K, and K,, which repre- 
sent the relative activities of the orthophosphate 
and labile ester fractions respectively as percentages 
of the sum of the two at different times, move 
asymptotically toward constant levels J, and J, 
respectively, at which there is virtual equilibrium 
between the fractions in question. True equilibrium 
between two systems is attained—in a mathematical 
sense—only at infinity. In practice, however, this 
limiting value may be estimated by calculating the 
means of those experimental values which no longer 
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show any analytically demonstrable systematic 
changes. These constant quotients may thus be re- 
garded as being equal to the ratio of the actual 
phosphate concentrations in the two fractions. In 
this way we obtain from Table 2 for orthophosphate 
(P,)/labile phosphate (P,): 

Po Jo_ 39-4 

P, J, 60-6 
and for creatine phosphate (P,)/labile ATP-(P 4) 


(1) 


(2) 


where P, and P, are the concentrations of the 
creatine phosphate and the labile ATP phosphate 
fractions, respectively, and J, and J, the relative 
activities of the fractions at equilibrium expressed 
as percentage of the sum of the two fractions. 

Phosphate analyses gave the following values: 
P after 10min. hydrolysis was 50-8 + 2-2 mg./ 
100 mg. brain, and ‘residual’ P was 19-6 + 1-0 mg./ 
100 mg. brain. With the aid of the quotients obtained 
above (1 and 2) and of the concentration of phosphate 
after 10 min. hydrolysis (which may be regarded as 
the sum of orthophosphate, creatine phosphate and 
labile ATP phosphate), the concentrations of these 
three fractions can be calculated. The values 
(Table 3) show fairly good agreement with those of 
Stone (1943) for mice. 

The mathematical treatment of the results is 
made easier by the fact that—as was pointed out 
above—the exchange between the brain and the 
rest of the organism is extremely slow. The in- 
vestigations of Hevesy & Hahn (1940) referred to 
above show, for example, that the specific activity of 
the brain 215 min. after intravenous injection of **P 
in rats does not reach a higher level than 1-3 % of the 
specific activity of the plasma measured at the same 
time. In agreement with these observations, it has 
been established at this laboratory (unpublished 
observations) that lhr. after intracisternal in- 
jection of *2P in rabbits, the specific activity of the 
blood plasma amounts to only a small percentage 
of that of the brain. In view of the extremely in- 
tensive turnover in the brain (which even without 
any quantitative calculation is very evident from 
Table 1), these data would seem to indicate that the 
portion of the intracranially introduced phosphate 
which may be presumed to leave the brain during the 
course of the experiment is negligible and may be 
ignored in comparison with the amount which during 


Table 3. Acid-soluble phosphate esters in brain 





Ortho-P Creatine P Labile ATP-P ‘Residual’ P 
Animal — A . 
mg./100 g. brain 
Stone (1943) Mouse 16-9 10-1 17-2 22-5 
This work Rat 20-0 10-1 20-7 19-6 
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the same period is turned over within the brain itself. 
In other words, this means that the **P content of 
the brain may be regarded as virtually constant 
throughout the experiment. 

Although this fact simplifies the treatment con- 
siderably, there are still great difficulties in the way 
of calculation of the renewal rate of the various 
fractions. The complexity of the residual fraction 
consisting of various phosphate esters, containing 
possibly unknown precursors, renders an exact 
calculation of the turnover rate even of the ‘pure’ 
fractions impossible. 

Nevertheless, an approximative evaluation of the 
order of magnitude of the renewal rate of the labile 
phosphate groups may be obtained by applying 
the following formula of Zilversmit, Entenman & 
Fishler (1943) 

dK, _ Ko _ Ki ; 

. s "S (3) 
in which n signifies pg. of labile P newly formed/ 
min./g. tissue, K, and K, the percentage of activity 
at time ¢ in the form of orthophosphate and labile 
phosphate, respectively, and P, and P, the phos- 
phate content in the respective fractions expressed 
in pg./g. tissue. By a rough approximation, which, 
however, with experiments of short duration does 
not constitute a grave source of error, one may put 








K,+K,=100. (4) 
Equation 3 may then be written 
K,=J,(1-—e""’), (5) 
100P, 
where = = 60-6, 6 
ae (6) 
Po+P, 
and p=r.—*=8-24 x 10-3. (7) 
PoP; 
Thus from equation (5) we obtain for n the expres- 
sion 60-6 
i 
60-6—K, 


n= $24x10>t° (8) 


The calculation of n, using values for K, taken 
from Table 2 is shown in Table 4. An average value, 
n=40, shows fairly good agreement between the 
experimental and the values calculated according to 
equation (5). Thus about 40yg. of labile P were 
renewed/g. of brain/min. 


Table 4. Calculation of the turnover rate for the labile 
phosphate esters in rat brain 


(according to n (theor. val. 
Time Table 2) (from eq. 8) if n=40) 
2 min. 37-2 58 20-5 58-+ 
5 48-5 40 | 40 491 
10 51-4 23 584479 
26 53-3 — — 
45 min. 60-6 — 60-6 


to 24 hr. 
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A comparison of this figure with corresponding 
values for some other organs is shown in Table 5. 
Although all the values given in this table should be 
regarded as highly approximate, they nevertheless 
show clearly that the capacity of brain to synthesize 
energy-rich phosphate bonds is of the same order of 
magnitude as that of liver and muscle and may even 
exceed it. 


Table 5. Comparison of the turnover rate for the labile 
phosphate esters in different tissues 


Renewed labile 


P/min./g. of 
tissue 
Tissue (ug) Reference 
Blood corpuscles 1 Hevesy (1939a, b) 
Liver 15 Kalckar, Dehlinger & 
Mehler (1944) 
Muscle 20-30 Kalckar et al. (1944) 
Brain 40 This work 


It is implied in the foregoing calculation of the 
renewal rate of the labile phosphate esters that the 
equilibrium between creatine phosphate and the 
labile phosphate groups of ATP, israpidly established. 
This assumption which is borne out by the findings of 
Lehmann (1936) requires that the ratio of the 
activity of the creatine phosphate and that of the 
labile ATP phosphate is constant all the time. 
Examination of Table 2 shows, however, that this is 
not entirely true. It will readily be seen from this 
table that creatine phosphate attains ‘half equi- 
librium ’* after 2 min. It is therefore to be expected 
that the activity after 5 min. should be 82% and 
after 10min. more than 99% of that found at 
complete equilibrium and this is not the case at all. 
An explanation of the anomaly might conceivably 


be that this fraction contains two different com- 


pounds: ‘true’ creatine phosphate, with rapid 


* A particularly useful expression in treatment of equi- 
librium problems is that of ‘half equilibrium time’ which 
designates the time at which 


J 
K=-. 
2 (a) 
For the ‘half equilibrium time’ one thus obtains the ex- 
pression In2 
t=—. (d) 
np 


In simple cases (like those treated here) t; may be read 
directlyjfrom the table, after which it is easy to calculate n. 
A general formulation of (5) is 
In (1 -a)- 
tg=———_, 
np 

in which a means that part of the equilibrium value which 
has been reached at the time in question. From (bd) and (c) 
we obtain a=] —2-ta'ty, (d) 
This formula is used in the treatment of the creatine 
phosphate fraction. 


(c) 
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renewal rate, corresponding to the steeply ascending 
component of the equilibrium curve; and an ex- 
tremely easily hydrolysable phosphate ester with 
lower turnover rate. The solution of this problem 
however, will require further study. 


SUMMARY 


1. **P injected intracranially is turned over very 
rapidly in the rat brain. After injection for 2 min. 
40 % of the newly introduced phosphate is in organic 
linkage. This figure increases to 70% in 8 hr., after 
which it becomes approximately constant. 
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2. The organically bound radioactive phosphate 
is found, during the period of the investigation, 
chiefly in the form of adenosinetriphosphate and 
creatine phosphate. The labile phosphate groups are 
renewed at an approximate rate of 40 ug. P/min./g. 
of brain. The value is compared with corresponding 
figures taken from the literature for liver and 
muscle. 


This work has been supported by a grant of the Swedish 
Research Council. We are indebted to A. Bonkal6é, M.D., 
who has worked out the method for the intracranial in- 
jection and who has helped us with these injections. 
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The Determination of N-Methyl-2-pyridone-5-carboxylic Acid 
in Human Urine 


By W. I. M. HOLMAN anp D. J. pE LANGE 
The South African Institute for Medical Research, Johannesburg 


(Received 19 July 1949) 


Methods were recently described (Holman & de 
Lange, 1949) for the determination of N-methyl-2- 
pyridone-3-carboxylamide and N-methyl-2-pyri- 
done-5-carboxylamide in human urine. It wasshown 
that the former compound has no significance in 
nicotinic acid metabolism, but that the latter is an 
important metabolite. Since there is a possibility 
that the 2:5-amide may be converted into the 
corresponding acid in the body, orin urine on storage, 
it seemed important to devise a method for the 
determination of the acid and to establish definitely 
whether or not it is present in urine. 

It was previously observed that the 2:5-acid gave 
the same colour reaction as was used for the deter- 
mination of the 2:5-amide, but that the acid was not 
extracted by chloroform from aqueous sodium 
hydroxide and therefore could not interfere in the 
method for the 2:5-amide. On further experimenta- 
tion it was found that the acid could be readily ex- 


tracted from 10N-hydrochloric acid by one hundred 
volumes of ether. The amide was also extracted, but 
only to a small extent, the amount being negligible 
from normal urines. An appreciable amount was 
extracted from urines of exceptionally high amide 
content. In these cases it was possible to apply a 
correction for the amount of amide extracted by 
determining the recovery of a known amount of the 
amide added to the sample of urine and by deter- 
mining separately the amide content of the sample. 
A method for the determination of the acid was 
worked out on these principles. 


METHODS 


The procedure, which was a modification of that previously 
described for the amide, was as follows: 

Adsorption on Lloyd’s reagent. Twenty-four hr. specimens 
of urine of 1500-2000 ml., as used for the determination of 
the 2:5-amide, were diluted with an equal volume of water 
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before analysis. Six tubes were required for each determina- 
tion, two to serve as unknowns (25 ml. urine alone), two for 
the recovery of the acid (urine plus 0-1 mg. of the 2:5-acid), 
and two for the recovery of the amide (urine plus an amount 
of the 2:5-amide approximately equal to the amount present 
in 25 ml. of the urine). A standard solution of the 2:5-acid 
containing 0-1 mg./ml. was used (a little 25% (w/w) NH, 
was added to aid dissolution). In all other respects this 
stage was carried out exactly as for the determination of the 
2:5-amide. 

Extraction with ether. After neutralizing the eluate from 
Lloyd’s reagent with glacial acetic acid (0-15 ml.) and 
evaporating to dryness in a 150 ml. glass-stoppered extrac- 
tion flask, 0-25 ml. 10N-HCl and 25 ml. ether (grade for 
anaesthesia) were added to the residue, the mixture shaken 
for 5 min. and filtered through a dry paper (Whatman 
no. 44, 11 cm.) into another 150 ml. extraction flask. When 
almost all the ether had passed the filter, but before the 
filter became dry, a further 10 ml. ether were added to the 
residue in the first extraction flask, and, after shaking for 
several seconds, the washings were poured on to the filter. 
The combined filtrate and washings in the second flask were 
evaporated in a bath of hot water to remove the ether, and 
then to dryness with suction. Water (10 ml.) was added to 
the residue, followed by 20 ml. of a 1: 1 mixture of CHCl, 
and ether. After shaking for 1 min. the mixture was trans- 
ferred to a centrifuge tube and centrifuged; 5 ml. of the 
upper aqueous layer were transferred to a 7 x1 in. Pyrex 
test tube. The unknown solutions and the recoveries for the 
acid and the amide were all treated in this way. The re- 
maining fluid in the six centrifuge tubes was pooled, re- 
centrifuged and 5 ml. of the aqueous layer were transferred 
to another test tube to serve as a blank. The contents of all 
seven tubes were evaporated to dryness on a boiling water 
bath. 

Nitration, colour development and colour measurement. 
These steps were carried out exactly as described in the 
method for the 2:5-amide, the blank being kept at room 
temperature while the other solutions were heated for 1 hr. 
at 100°. 

Calculation of results. The N-methyl-2-pyridone-5- 
carboxylic acid excreted (mg./24 hr.) 

U -[(R, —- U) xv/V xa/y] 

(R, - U) 

where U is average optical density of unknown solutions, 
R, is average optical density of solutions containing added 
acid, R, is average optical density of solutions containing 
added amide, x is amide content of the specimen of urine 
(mg./24 hr.), determined separately by the method of 
Holman & de Lange (194%), y is amount (mg.) of 2:5-amide 
added to test the recovery of the amide, V is total volume 
(ml.) of 24 hr. specimen of urine after all dilutions have 
been made and v is volume (25 ml.) of urine taken for 
analysis. 


RESULTS AND DISCUSSION 





x 0-1 x V/v, 


Accuracy of the method. Under the conditions 
described above, using amounts of the acid from 
0-05 to 0-2 mg. and of the amide from 0-5 to 3 mg., 
the optical density of the final coloured solution in- 
creased in direct proportion to the amount of the 
acid or amide added to samples of urine. The above 
method of calculation of results was therefore 
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applicable. Approximately the same intensity of 
colour was given by 2 mg. of amide as by 0-1 mg. of 
acid. 

The chief difficulty encountered in working out the 
method was that of obtaining a satisfactory blank. 
It was found that extraneous substances which gave 
a strong brownish colour after nitration and colour 
development were extracted by ether from the 
Lloyd’s reagent eluate. Most of these substances 
could be removed by shaking out an aqueous solution 
of the ether extract with chloroform and ether, but 
even after this treatment the blank contained a small 
amount of brownish colour. No error would be in- 
curred if the intensity of this colour were identical in 
the blank and test solutions, but since, in the case of 
some normal urines, the test solution was found to be 
slightly weaker in colour than the blank, a part of the 
colour must have been destroyed when the test 
solution was nitrated at 100°. Because of this 
destruction, apparent negative values were ob- 
tained for these urines. The error was small, however 
(see Table 1), and did not invalidate the broad inter- 
pretation of results. 

Since samples of urine were acidified with sul- 
phuric acid before adsorption on Lloyd’s reagent, 
salts of the acid as well as the free acid would be 
determined by this method. 

Application of the method. A series of typical 
results obtained by the present method is shown in 
Table 1. It is clear from the table that no detectable 
amount of the acid was present in urine normally, 
after storage for 4 weeks, or after the administration 
of nicotinamide. 


Table 1. Typical results obtained for the urinary 
excretion of N-methyl-2-pyridone-5-carboxylic acid 
Excretion of N-methyl- 
2-pyridone-5-carboxylic 
acid (mg./24 hr.) 


—— 


Uncorrected Corrected 
Subject Nature of for amide for amide 
no. urine sample extracted extracted 
1 Normal -1:8 -18 
After ingestion of +7-0 -11 
500 mg. nicotinamide 
2 Normal +0-3 +0°3 
After ingestion of +14-4 -1-1 


500 mg. nicotinamide 
and storage of urine 
for 4 weeks at room 
temp. 


An experiment was made in which the urinary 
excretions of the 2:5-acid and amide by two healthy 
adult Europeans (subject 1, a male of 27 years; 
subject 2, a female of 36 years) were determined 
before and after the oral administration of 500 mg. 
of the acid. The results (Table 2) show that none of 
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the acid was converted into the amide and that 
22-24 % was excreted unchanged in the urine. The 
fate of the remainder of the acid is as yet unknown. 


Table 2. Urinary excretion of the 2:5-acid and amide 
before and after oral administration of 500 mg. N- 
methyl-2-pyridone-5-carboxylic acid 


Urinary excretion (mg.) 


Percentage 
z 24 hr. 48 hr. of dose 
Subject Compound specimen specimen excreted 
no. determined before dose afterdose in urine 
1 Amide 11-0 21-1 0 
Acid Nil 119 24 
2 Amide 6-5 9-3 0 
Acid Nil 109 22 


Table 3. Urinary excretion of the 2:5-acid and amide 
before and after oral administration of 500 mg. N- 
methyl-2-pyridone-5-carboxylamide 


Urinary excretion (mg.) 


Percentage 
24 hr. 48 hr. of dose 
Subject Compound specimen specimen excreted 


no. determined before dose afterdose in urine 
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In a further experiment the urinary excretions of 
the 2:5-acid and amide by the same two subjects 
were determined before and after the ingestion of 
500 mg. of the amide. The results (Table 3) show that 
none of the amide was converted into the acid and 
that 76-77 % of the dose was excreted unchanged in 
the urine in 48 hr. 

These results indicate that N-methyl-2-pyridone- 
5-carboxylic acid does not play a part in human 
nicotinic-acid metabolism. 


SUMMARY 


1. A method is described for the determination of 
N-methyl-2-pyridone-5-carboxylic acid in human 
urine, based on preliminary purification by adsorp- 
tion on Lloyd’s reagent followed by extraction with 
ether from solution in 10N-hydrochloric acid, and 
colorimetric determination after nitration and 
neutralization with sodium carbonate. 

2. By means of this method it is shown that N- 
methyl-2-pyridone-5-carboxylic acid is not present 
in urine in any detectable amount normally or after 
the ingestion of nicotinamide. 

3. It is also shown that none of a dose of the acid is 


1 Amide 20-6 423 76 . : ; 4 
Acid Nil Nil 0 converted in the body into the corresponding amide, 
2 Amide 93 404 77 and that none of a dose of the amide is converted into 
Acid Nil Nil 0 the acid. 
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81. THE COLOURING MATTERS OF PENICILLIUM ISLANDICUM SOPP. 
PART 2. CHRYSOPHANIC ACID, 4:5-DIHYDROXY-2-METHYLANTHRAQUINONE 


By B. H. HOWARD anp H. RAISTRICK 
Department of Biochemistry, London School of Hygiene and Tropical Medicine, University of London 


(Received 26 July 1949) 


In a recent comm:mication from this laboratory 
(Howard & Raistrick, 1949) an account was given of 
the isolation of the hitherto undescribed 1:4:5-tri- 
hydroxy-2-methylanthraquinone from the mycelium 
of five out of six different strains of Penicillium 
islandicum Sopp which were examined. This colour- 
ing matter has properties which are very similar to 
those described for funiculosin which Igaraci (1939) 
isolated from laboratory cultures of P. funiculosum 
Thom. We have tried to obtain a culture of the strain 
of P. funiculosum used by Igaraciand also aspecimen 
of funiculosin itself, but have failed to do so. We have 
also failed to isolate or detect any pigment having 
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properties similar to funiculosin or to 1:4:5-tri- 
hydroxy-2-methylanthraquinone from a number of 
different authentic strains of P. funiculosum, most of 
which were kindly supplied by Dr Kenneth B. Raper, 
Northern Regional Research Laboratory, U.S. 
Department of Agriculture, Peoria, Illinois, U.S.A. 
We propose, therefore, now to give the trivial name 
islandicin to the 1:4:5-trihydroxy-2-methylanthra- 
quinone from P. islandicum. 

The sixth strain of P. islandicum which we ex- 
amined (strain N.R.R.L. 1175), although morpho- 
logically a typical strain of P. islandicum, appeared 
to be biochemically atypical, since no islandicin 


+ 
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could be detected in the complex mixture of colour- 
ing matters obtained by solvent extraction of its 
dried mycelium. The mixture of colouring matters of 
this strain has now been submitted to more ex- 
haustive examination, particularly by chromato- 
graphic analysis, and three colouring matters have 
been isolated in a state of purity, two of which have 
not been previously described and constitute the 
greater part of the colouring matters of this strain. 
They will form the subject of future communications. 
It is of interest to note that, even by the rather 
searching method of chromatographic analysis, no 
clear evidence could be obtained of the presence of 
islandicin in this strain. 
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The amount of chrysophanic acid isolated is only 
about 0-3 % of the total weight of colouring matter 
present in P. islandicum, strain N.R.R.L. 1175, so 
that from the purely quantitative point of view it is 
of relatively minor importance. We are of the opinion 
however, that it is of great significance in relation to 
the general question of the biosynthesis of fungal 
metabolic products, a subject dealt with in more 
detail by one of us in the Bakerian Lecture of the 
Royal Society (Raistrick, 1949). It is the only di- 
hydroxymethylanthraquinone and the simplest 
anthraquinone derivative yet described as a meta- 
bolic product of any species of fungus. Furthermore, 
all the anthraquinone derivatives, with the exception 


co co on 
oH O°? OH oH «| OOH oH OOH 


(I) (II) 


Islandicin 


Chrysophanic acid 


(IIT) 
Helminthosporin 


co co co 
po on a. yy ‘cy cy 
oH «Cs Or oH «OPO oH |? OH 


(IV) (V) 
w-Hydroxyemodin =Citreorosein, R =H 
Carviolin =Roseopurpurin, R =CH, 


Emodin, R=H 
Physcion, R=CH,; 


(VI) 
Emodie acid 


OH co OH co OH co OH 
Cl i "CI lL” "CL td a 
oH «69 OH oH (8 Gy oH «6OO On 


(VII) 
Cynodontin 


(VIII) 
Catenarin, R=H 


(IX) 


Tritisporin 


Erythroglaucin, R=CH, 


The third pigment was identified as chrysophanic 
acid (chrysophanol), 4:5-dihydroxy-2-methylan- 
thraquinone. This was isolated from the vacuum- 
dried mycelium of P. islandicum, strain N.R.R.L. 
1175, grown on Czapek-Dox medium, by extraction 
with light petroleum, b.p. 40—60°. The orange-yellow 
light petroleum extract, containing a fair amount of 
fat, was passed through columns of ‘heavy’ mag- 
nesium carbonate and gave finally characteristic 
salmon-pink bands which were separated by 
mechanical means, acidified with hydrochloric acid 
and extracted with ether. The ethereal solution was 
washed with aqueous N-sodium carbonate to remove 
traces of carbonate-soluble pigments. On removal of 
the solvent and trituration of the residue with small 
amounts of cold light petroleum, there remained 
0-10g. of almost pure crystalline chrysophanic acid, 
m.p. 192—193-5°, from 238 g. of dried mycelium. 


of boletol from the higher fungus Boletus satanas 
Lenz (Kégl & Deijs, 1935), which have been reported 
as metabolic products of species of fungi are deriva- 
tives of chrysophanic acid. The inter-relationships in 
structure between twelve derivatives of anthra- 
quinone which are known to be fungal metabolic 
products are illustrated by structures (I) to (IX), and 
their relationships to chrysophanic acid are sum- 
marized in Table 1. The molecular constitutions of 
all of them, except tritisporin, have been established 
with certainty, and most of them have been syn- 
thesized. The constitution suggested for tritisporin, 
though a very probable one, has not yet been proven. 

Chrysophanic acid has been known for over a 
century as a plant colouring matter occurring 
especially in a number of species of Rhewm and 
Rumezx. It is present in Chinese rhubarb as the glyco- 
side chrysophanein, C,;H.,0,. Its molecular con- 
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stitution as 4:5-dihydroxy-2-methylanthraquinone 
was settled by an unambiguous synthesis by Naylor 
& Gardner (1931). 


EXPERIMENTAL 


Culture 


We received the strain of Penicillium islandicum Sopp used 
in this work in December 1947 from the Thom-Raper 
collection from Dr Kenneth B. Raper, Northern Regional 
Research Laboratory (N.R.R.L.), U.S. Department of 
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Seventy-one 11. conical flasks plugged with cotton wool 
and each containing 350 ml. of Czapek-Dox solution were 
sterilized and inoculated with a spore suspension, in the 
same sterile medium, prepared from twenty-four mature 
test-tube cultures of P. islandicum strain N.R.R.L. 1175 
grown on malt agar for 10 days at 24°. The flask cultures 
were incubated in the dark at 24°, and were harvested after 
22 days’ incubation. The orange-yellow culture fluid, pH 4-2, 
was separated by decantation from the deep orange mould 
mycelium which was washed in the flasks with cold distilled 
water. The mycelium was strained through butter muslin 
and squeezed as dry as possible in a tincture press. It was 


Table 1. Relationship to chrysophanic acid of other fungal metabolic products 
known to be derivatives of anthraquinone 


Relationship to 


Metabolic product Species of fungus Structure chrysophanic acid References 
Chrysophanic acid Penicillium islandicum (I) _— Present paper 
Sopp (N.R.R.L. 1175) 
Islandicin P. islandicum (II) 1-Hydroxy derivative Howard & Raistrick (1949) 
Helminthosporin Helminthosporium grami- (III) 8-Hydroxy derivative (a) Charles, Raistrick, 
neum Rabenhorst (a); Robinson & Todd 
H. catenarium Drechsler (1933) 
(6) and (c) (6) Raistrick, Robinson & 
Todd (1934) 
(c) Raistrick, Robinson & 
Todd (1933a) 
Emodin Cortinarius (Dermocybe) (IV) 7-Hydroxy derivative Kégl & Postowsky (1925) 
sanguineus (Wulf.) Fries = 
Physcion Aspergillus glaucus series (IV) 7-Methoxy derivative Raistrick, Robinson & 
R=CH;, Todd (1937) 
Ashley, Raistrick & 
Richards (1939) 
ice (a) (a) P. cyclopium Westling (V) 7-Hydroxy derivative (a) Anslow, Breen & 
Citreorosein (5) (b) P. citreo-roseum R=H CH,->-CH,OH Raistrick {1940) 
Dierckx (6) Posternak & Jacob 
(1940) 
ee (a) (a) P. carmino-violaceum (V) 7-Hydroxy-4-methoxy (a) Hind (1940a, 5) 
Roseopurpurin (6) Dierckx R=CH, derivative (6) Posternak (1940) 
(6) P. roseo-purpureum CH,;~>CH,OH 
Dierckx 
Emodic acid P. cyclopium Westling (VI)  7-Hydroxy derivative Anslow et al. (1940) 
CH,—COOH 
Cynodontin H. cynodontis Marignoni (VII) 1:8 Dihydroxy derivative Raistrick, Robinson & Todd 
(1933 5) ;Anslow& Raistrick 
(19404) 
Catenarin H. catenarium Drechsler (VIII) 1:7-Dihydroxy derivative Raistrick et al. (1934) 
R=H Anslow & Raistrick (1941) 
Erythroglaucin A. glaucus series (VIII) 1-Hydroxy-7-methoxy Ashley et al. (1939) 
R=CH, derivative Anslow & Raistrick (19405) 
Tritisporin H. tritici-vulgaris (IX) 1:7-Dihydroxy derivative Raistrick et al. (1934) 
Nisikado CH,;~>CH,0H 


Agriculture, Peoria, Illinois, U.S.A. It was received by 
Dr Raper originally in 1940 from Dr G. A. Ledingham, 
Ottawa, Canada, and bears Dr Raper’s catalogue number 
N.R.R.L. 1175. Mature cultures of this strain are much 
more orange and less red in colour than a number of other 
strains of P. islandicum received from Dr Raper. 


Cultural conditions 


Culture medium. Czapek-Dox solution. Glucose, 50-0 g.; 
NaNOs,, 2-0 g.; KH,PO,, 1-0 g.; KCl, 0-5 g.; MgSO,.7H,0, 
0-5 g.; FeSO,.7H,0, 0-01 g.; distilled water 11. 


then thoroughly dried in a vacuum oven at 40-42° and 
ground to a fine powder in a coffee mill. Weight of dry 
ground mycelium, 238 g. 

The ground mycelium was distributed equally between 
four large thimbles and extracted in four Soxhlets with light 
petroleum, b.p. 40-60°, on each of 5 successive days, fresh 
light petroleum being used each day. On standing over- 
night, all the five orange-coloured extracts, except the first, 
deposited a small amount of orange solid which was separ- 
ated by filtration and discarded, since subsequent chromato- 
graphy in acetone solution showed that it contained no 
chrysophanic acid. The clear orange-yellow light petroleum 
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solutions were separately passed with light suction through 
tightly packed columns of MgCO, (British Drug Houses 
Ltd., ‘heavy’) contained in glass tubes, each column being 
approximately 20 cm. long x 2-5 cm. diameter. 


Chromatography of extracts 


First extract (5 hr. extraction). This extract required seven 
columns, each holding about 200 ml. of extract. Most of 
the colouring matters were adsorbed in a narrow orange 
band at the top of the column. Two fainter bands, separated 
from the top band by a broad almost colourless zone, moved 
down the column as the extract was added, finally reaching 
the bottom of the column as an upper narrow faint purple 
band and a lower broad salmon-pink band. Each column 
was now washed with 200 ml. of freshly distilled light 
petroleum, b.p. 40-60°, by which means the salmon-pink 
band was eluted giving a yellow solution. This solution was 
now rechromatographed on two fresh columns and washed 
thoroughly with light petroleum giving finally a narrow 
pink band at the top of the column followed by a broad 
colourless band, then by a very narrow purple band and a 
broad homogeneous salmon-pink band, the remainder of 
the column being quite colourless. The two columns were 
drained free of light petroleum, corked and stored in the 
dark. 

Second extract (5 hr. extraction). This extract was passed 
through two MgCO, columns giving a similar series of bands 
to the first extract. The salmon-pink band, however, was 
not very easily eluted since it was not completely removed 
after washing each column with 600 ml. of light petroleum. 
The resulting yellow eluate was passed through a single 
fresh column giving a broad uniform salmon-pink band at 
the top of the column which was not removed by washing 
with 200 ml. of light petroleum. 

Third extract (7 hr.), fourth extract (9 hr.) and fifth extract 
(7 hr.). These extracts behaved similarly to each other 
giving, after washing with 200 ml. of light petroleum, a dark 
orange band at the top of the column followed successively 
by a narrow, very faint, purple band, a broad almost 
colourless band, a narrow very pale red band, a narrow 
purple band, a faint blue band and finally a broad homo- 
geneous salmon-pink band. 

Each of the light petroleum extracts, after passing 
through the columns, gave colourless filtrates which were 
evaporated to dryness leaving in each case a pale yellow oil. 
Weights: first extract, 3-39g.; second extract, 1-01 g.; 
third + fourth + fifth extracts, 0-29 g. Total weight of ‘fat’, 
4-69 g. 


Recovery of colouring matters from columns 


The salmon-pink bands from the five extracts were care- 
fully scraped from the tubes, combined and acidified with 
2n-HCl, the mixture being cooled by the addition of crushed 
ice. An orange solid floated to the surface and was extracted 
with ether. The orange ethereal solution was washed twice 
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with water, three times with n-Na,CO, solution and three 
times with water. The solution was then filtered and 
evaporated to dryness giving 0-52g. of orange-yellow 
crystals still contaminated with ‘fat’. This was washed with 
a little cold light petroleum, b.p. 40-60°, and gave an orange 
crystalline solid, weight 0-10 g., m.p. 192-193-5°. It was 
recrystallized from ethanol (30 ml.), yielding 69 mg. of 
shining golden plates, m.p. 194°. A portion of this material 
was further purified by sublimation in a high vacuum at 
125-130°. The sublimate melted at 195-196°, and the 
mixture of it with authentic sublimed chrysophanic acid, 
m.p. 194-195°, melted at 194-195-5°. (Found on sublimed 
material: C, 70-4; H, 4:0. Calc. for C,;H,,0,: C, 70-9; 
H, 4:0%.) The metabolic product and authentic chryso- 
phanic acid gave identical reactions in the following tests; 
n-Na,CO,, insoluble; conc. NH; solution, slowly soluble in 
the cold giving a solution which was cherry red in bulk and 
magenta in thin layers; n-NaOH, readily and completely 
soluble in the cold, giving a red solution which became pale 
orange on standing, with the formation of a red precipitate; 
conc. H,SO,, an intense red colour but somewhat bluer in 
tone than the solution in NaOH. 

The identity of the metabolic product with chrysophanic 
acid was confirmed by acetylation at 100° with acetic an- 
hydride containing a trace of conc. H,SO,. The acetyl 
derivative, which separated on pouring the acetylation 
mixture into ice and water, was isolated, washed and dried, 
sublimed in a high vacuum at 150-160°, and the sublimate 
crystallized from benzene. It was thus obtained as pale 
yellow plates, m.p. 208-5-209° alone, or in admixture with 
an authentic specimen of diacetyl chrysophanic acid, m.p. 
208-5-209°, kindly supplied by the Wellcome Research 
Institution and prepared originally by Dr F. B. Power. 

The other bands on the columns were scraped out 
separately, acidified, and extracted with ether. On removal 
of the ether none of the pigments so obtained gave reactions 
typical of islandicin. 


SUMMARY 


1. The colouring matters present in the mycelium 
of a strain of Penicillium islandicum Sopp, which, 
though morphologically typical, appears to be bio- 
chemically atypical, have been examined. 

2. One of these colouring matters has been identi- 
fied as chrysophanic acid (chrysophanol), 4:5-di- 
hydroxy-2-methylanthraquinone. 

3. Eleven other fungal colouring matters, the 
molecular structures of which are known, are shown 
to be derivatives of chrysophanic acid. 

4. 1:4:5-Trihydroxy-2-methylanthraquinone, pre- 
viously isolated from five other strains of P. 
islandicum but absent from the present strain, has 
now been named islandicin. 
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Changes in Water and Ion Metabolism and in Kidney Functions 
During the Development of Oedema in Rats 
Fed on Protein-deficient Diets 


By 8S. E. DICKER (Beit Memorial Fellow) 
Department of Pharmacology, University of Bristol 


(Received 30 May 1949) 


It was assumed until recently that ‘famine 
oedema’ is due to a decrease in the colloid osmotic 
pressure of plasma as the result of an inadequate in- 
take of dietary protein. Some doubts as to the 
validity of this conception were raised when cases of 
‘famine oedema’ in human beings were described, in 
which protein concentration and colloid osmotic 
pressure of the plasma were found to be normal 
(Govaerts & Lequime, 1942; Keys, Taylor, Mickelsen 
& Henschel, 1946). Furthermore, in rats fed on a 
protein-deficient diet it could be shown that tissue 
oedema started at a time when the plasma protein 
concentration, and hence the plasma colloid osmotic 
pressure, were still normal (Dicker, 19486); and 
secondly, that there was no clear correlation between 
the degree of hypoproteinaemia, the fall of the 
colloid osmotic pressure of plasma and the magnitude 
of the extracellular fluid phase of tissues when tissue 
oedema had fully developed (Dicker, 19485). 
Finally, it was found that starved rats developed 
tissue oedema only when free access to water was 
allowed, and that the increase of the extracellular 
space was proportional to the amount of water 
drunk by the animal (Dicker, 19496). It is not clear 
whether the retention of water demonstrated in the 
latter findings is of renal or extra-renal origin, or 
whether both factors apply. The present paper 
attempts to investigate the mechanism of the in- 
cipient oedema by correlating changes in water and 
ion excretion with changes in the extracellular fluid 
phase of tissues, and by analysing kidney functions 
by clearance methods. 


METHODS 


Experimental animals and standard diet (HH). Adult 


male albino rats weighing 270-350 g. were used. Control 
rats were given the following diet: casein 25-0, wheaten 


starch 40-0, hardened ground-nut oil 12-5, dried yeast 15-5, 
salt mixture (Hawk & Bergeim, 1942) 4-0, cod-liver oil 
3-0%. This diet yielded approx. 30 kg.cal./10 g. 

Protein-deficient diets, Four different types of diet were 
used; one yielded the same amount of calories as the 
standard diet, i.e. approx. 30-0 kg.cal./10 g. (diet BB), but 
contained only 0-5% casein, while the others were low both 
in protein content and in calorific values. Of the latter, two 
(TT and FF) had a water content of about 75%, while the 
other diet (DD) did not contain more water than diet BB, 
ie. 15-0%. 

(a) Low-casein, high-carbohydrate diet (BB). Casein 0-5, 
wheaten starch 80-0, hardened ground-nut oil 12-5, salt 
mixture 4-0 and cod liver oil 30%. In addition, each 
animal received a mixture containing 30g. aneurin, 
50g. riboflavin, 1 mg. nicotinic acid, and li5yg. of 
tocopheryl acetate; 10-0 g. of this food yieded approx. 
30-0 kg.cal. 

(b) Vegetable low-protein diet (TT). This diet was the same 
as that used by Dicker, Heller & Hewer (1946). It had the 
following composition: fresh turnips 81-5, wheaten starch 
7-0, hardened ground-nut oil 3-5, salt mixture 4-0 and cod 
liver oil 4-:0%. Vitamins B and E were added in the same 
amount as in diet BB. This diet yielded approx. 8-0 kg.cal./ 
10g. 

(c) Wet filter-paper diet (FF). This diet was devised to 
avoid the use of turnips which introduces a factor difficult 
to control. It was made up as follows: filter paper 4-7, 
casein 0-8, wheaten starch 7-0, hardened ground-nut oil 3-5, 
salt mixture 4-0, cod liver oil 40%, and was made up to 
a semi-liquid paste by addition of 76-0% water. Vitaminy 
B and E were added in the same amount as in diet BB. This 
diet is very similar to the vegetable low-protein diet (7'7), 
especially with reference to its protein and water content, 
and had approximately the same calorific value as the diet 
TY. 

(d) Dry filter-paper, low-protein diet (DD). Casein 1-5, 
wheaten starch 13-3, hardened ground-nut oil 8-0, salt 
mixture 5-3, cod liver oil 5-3, and finely ground filter paper 
66-6%. Additions of vitamins B and E were provided in the 
same amounts as in diet BB. 
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Analytical procedure. Methods for estimating plasma and 
tissue-water content, Cl-, Na+ and K* in urine, plasma or 
muscle, as well as for the calculation of the extracellular 
fluid phase of fat-free muscle (as expressed in terms of Cl-, 
and Na* spaces) were the same as those used in previous 
papers (Dicker, 19486, 19490). Inulin in plasma and urine 
was estimated by the method of Smith, Goldring & Chasis 
(1938), and the diodone iodine content of plasma and urine 
was determined by Alpert’s (1941) method. 

Preparation of urine concentrates from normal rats and 
from rats suffering from hypoproteinaemia. Six to ten rats 
were kept for 24 hr. in a large metabolism cage, without 
food, but with free access to water. The urine was collected 
under paraffin, acidified with 3-0% (w/v) acetic acid, con- 
centrated in vacuo at 37-0°, and dialysed for 6 hr. using a 
sac of cellophan (thickness of cellophan =0-00072 in.). The 
course of procedure followed closely that described by Ralli, 
Robson, Clarke & Hoagland (1945). 

Kidney function tests. Renal function was first investi- 
gated in rats while on the standard diet (HH), and later 
while on the protein-deficient diets BB or TT. 

(a) Inulin, diodone, chloride and sodium clearances. The 
methods for estimating inulin and diodone clearances were 
those used by Dicker & Heller (1945). The values or 7'q,, 
Tx, and T,, (see Dicker, 1946) represented the calculated 
amounts of Cl-, Na+ and water reabsorbed by the tubules, 
expressed as percentages of the amounts of Cl-, Na+ and 
water filtered through the glomeruli in unit time (Dicker, 
1946, 1948). 

(6) Renal response to water administration (water diuresis 
test). Rats deprived of food and water for 12 hr. were given 
by stomach tube an amount of water equal to 5% of their 
body weight. Urine was collected in graduated cylinders, 
and the volume excreted recorded at 15 min. intervals. The 
amount of urine collected was expressed as the percentage 
of the amount of water administered. Urine collections 
were carried out for 3 hr. 

General procedure. All rats were fed on the standard diet 
HH for 1-2 weeks before being fed on one of the protein- 
deficient diets (BB, DD, FF, TT). Pairs of rats of approxi- 
mately the same weight were kept in metabolism cages at 
room temperature. The weight of each animal was recorded 
daily. The amount of water drunk and that of urine ex- 
creted was accurately measured every day. Food was given 
at 5.00 p.m. each day; the quantities given were 10 g./ 
100 g. animal/day for the diets HH and BB; and 25 g./ 
100 g. rat/day for the other types of diet. The food not eaten 
or spilled was weighed the next morning. To permit the 
comparison between changes in the water metabolism (as 
assessed by analysis of urine and measurement of the water 
intake) and changes in blood plasma or tissues, two rats of 
each series were killed at intervals of 7 days. 

Statistical treatment. Results are given as means and 
standard errors. Fisher’s (1944) test for small samples was 
used for estimating the significance of means. The correla- 
tion coefficients (r) were calculated according to Mainland 
(1938). The probability of P for ¢ and r was obtained from 
the tables of Fisher & Yates (1943). 





RESULTS 


Tissue changes during the development of oedema. 
The mean amount of water drunk by normal rats fed 
on the standard diet HH was 8-4+ 0-48 ml./100 g./ 
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24 hr. ; the metabolic equivalent of the diet amounted 
to a mean of 6-1 ml. water/100 g./24 hr. Therefore 
the mean total potential water load amounted to 
14-5 ml./100 g./24 hr. About 25 % of the total load 
was excreted by the kidneys (Table 1). When the 
standard diet HH was substituted by the protein- 
deficient diet BB, providing the same number of 
calories as the former, the amount of water drunk/ 
100 g./24 hr. decreased by 30 %, while the metabolic 
yield of water was 20% more, so that the mean 
water load was unlikely to have changed significantly 
(Table 1). The mean urine volume, however, de- 
creased by 50 % after a fortnight on the diet BB, the 
kidneys excreting about 14-0 % only of the potential 
water load, instead of 25% as in rats fed on the 
control diet HH. 

This decrease of the urine volume occurred inde- 
pendently of changes in the urinary concentrations 
of Cl- and Nat, which, during that period, remained 
comparable to those found in animals fed on diet 
HH (Table 1). As a result of the diminished urine 
volume, the amount of Cl- and Nat excreted de- 
creased by about 50 % in a fortnight (Table 1). These 
findings suggest that when a protein-deficient but 
isocalorific diet was substituted for the standard diet, 
there was a diminution in the urine volume which 
resulted in a Cl- and Na* retention. 

When rats were fed on diet BB for a longer period 
(3—4 weeks) the amount of food eaten decreased, and 
this resulted in a decrease of metabolic water 
(Table 1). The amount of water drunk was not 
affected. The urine volume decreased in the same 
proportion as the potential water load so that the 
proportion of water excreted did not vary appreci- 
ably (Table 1). The urinary concentration of Cl- and 
Na+, however, fell sharply, Cl- decreasing by about 
55 % and Nat by about 35 %, as compared with their 
concentrations in control rats. It would thus seem 
that at this stage of malnutrition, the pronounced 
retention of Cl and Na ions occurred independently 
of changes in the water excretion and were the result 
of changes in the renal activity. 

After 5 or 6 weeks there was no significant change 
in the potential water load, but a bigger proportion 
of it was excreted by the kidneys; compared with 
that of the 2 preceding weeks, the increase of the 
urine volume amounted to about 60 %. This increase 
explained why, in spite of a further fall in the 
urinary concentration of Cl- and Nat, the mean 
amount of these ions excreted remained practically 
unchanged (Table 1). 

When correlating these findings with changes in 
the plasma and muscles, it was found that up to the 
end of the first fortnight little change occurred in the 
blood plasma; the concentration of plasma proteins 
was normal, and changes in the plasma water content 
were insignificant (Table 1). The early decrease of 
the urine volume, and hence the initial water re- 
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The volume of urine excreted increased but re- 
mained still below normal values (Table 1). During 
the first week of recovery about 18 % of the potential 
water load was excreted by the kidneys, as compared 
with nearly 25% in normal rats, indicating that 
during the first days of recovery, the rats retained 
a significant amount of water. 
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phase occurred without important changes in the 
total muscle water content (Table 1). Nor did the 
plasma water content vary much; it decreased by 
less than 1%. Such a small change in the plasma 
water content agreed with the fact that only about 
18 % of the water load was excreted by the kidneys, 
as compared with 25 % in controls. 
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Fig. 1. Water diuresis in rats fed on a protein deficient diet (BB): @ 


@, normal rats fed on the standard diet HH; 





|----|, same rats fed on diet BB for 14 days; A—-—A, same rats fed on diet BB for 28 days; ©—--—@, same 
rats fed on diet BB for 35 days; A—---—A\, same rats fed on diet BB for 42 days. All animals received an amount 
of water equal to 5% of their body weight at start of experiment. The vertical lines indicate the standard errors. 


The urinary concentration of Cl- and Na+ in- 
creased by 95 and 73% respectively, but remained 
significantly below normal values (Table 1). The 
enhanced urinary concentrations of Cl- and Nat, 
accompanied by a slight but significant increase of 
the urine volume, resulted in a pronounced increase 
in the excretion of these ions. These findings indi- 
cated that the rats were losing some of their extra- 
cellular fluid. This could be confirmed by estimating 
the Cl- and Na* space of muscle. During the first 
week of recovery there was a significant contraction 
of the extracellular fluid phase: it decreased from 
a mean value of 35-8—26-0 ml./100 g. fat-free muscle 
(Table 1). This decrease of the extracellular fluid 


During the second week of the recovery process, 
there was a further increase of the urine volume: it 
amounted to a mean value of 3-4 ml./100 g./24 hr., 
a figure comparable with that for normal rats 
(Table 1). Concurrently the amount of the potential 
water load excreted by the kidneys rose to about 
23 %, which is very near to that observed in normal 
animals. 

The urinary concentration of Cl- and Na*, how- 
ever, remained practically the same as during the 
first week of recovery. The increase of the Cl- and 
Na+ urinary excretion was thus the result solely of 
the increased urine volume (Table 1). Plasma water 
content decreased to nearly normal values: it 
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amounted to a mean value of 91-8 + 0-12 %, as com- 
pared with 91-4+0-:13% in controls (¢, 2-015; 
P<0-1). The muscle-water content, however, was 
still significantly higher than in normal tissue; in 
spite of a further pronounced decrease of the muscle 
extracellular fluid phase, it still amounted to a mean 
value of 18-4 + 0-17 ml./100 g. fat-free muscle, which 
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corresponding to a diminution of the extracellular 
fluid phase, without marked changes in the total 
water content of plasma and muscle; later on, the 
urine volume increased concurrently with a marked 
loss of the plasma water content. This occurred with- 
out further significant increases of the Cl- and Nat 
urinary concentration. 
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Fig. 2. Relation between the diuretic response to water administration and the renal excretion of an antidiuretic 

: substance in protein-deficient rats. A. Rats fed on diet BB: x Xx, urine volume excreted in 3 hr., expressed as 
percentage of the water administered; @©--—-—©, antidiuretic effect on normal rats produced by injecting the urine 

; of rats fed on diet BB, expressed as percentage of the normal diuretic response to water in the same animals. The 
arrow indicates when the standard diet was substituted by the diet BB. B. Rats fed on diet T7: x ——x, urine 

volume excreted in 3 hr., expressed as percentage of the water administered; ©--—-—©, antidiuretic effect on normal 
rats produced by injecting the urine of rats fed on diet 7'7', expressed as percentage of the normal diuretic response 
to water in the same animals. The arrow indicates when the standard diet was substituted for the protein-deficient 

diet TT. (Note that the diuretic response increases and the antidiuretic titre of the urine decreased at a time when 








the animals were still on a protein-deficient diet.) 


is significantly higher than that of normal animals 
(¢, 3-747; P=0-02). 

These results would indicate that the recovery 
from oedema due to protein deficiency proceeded by 
steps which were almost opposite to those by which 
tissue oedema developed; recovery started with an 
increased urinary concentration of Cl- and Nat, 


Water diuresis during the development of oedema. 
Fig. 1 compares the response to water administration 
of rats fed on a protein-deficient diet (BB) for varying 
periods with that observed in the same rats while 
they were fed on a high-protein diet (HH): it will be 
seen that in rats fed on diet BB for 2 weeks the rate of 
urine excretion following water administration was 
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essentially normal. After 4 weeks on diet BB, how- 
ever, there was a pronounced delay in the onset of the 
water diuresis and a significant decrease in the 
amount of urine excreted in 3hr. (Fig. 1). The 
diuretic response to water decreased further, and 
after 6 weeks on diet BB, water excretion in 3 hr. 
amounted to about 42 % of the water administered, 
instead of about 100% as in normal animals. 

Similar experiments (administration of a volume 
of water equivalent to 5% of the body water) were 
carried out on rats fed on different protein-deficient 
diets (DD, FF and T'T); in all these series of rats the 
administration of the standard amount of water 
resuited after a certain time in a delay in the onset of 
the water diuresis and a decrease of the total 
amount of urine excreted in 3 hr. These findings con- 
firm those of Dicker et al. (1946). The greatest de- 
crease of the renal response to water administration 
occurred after 6-7 weeks in rats fed on diets FF or 
TT (Fig. 2), and after 4 weeks in animals fed on diet 
DD. When rats were fed on a protein-deficient diet 
for longer periods, it was noted that there was no 
further decrease in the diuretic response to water 
administration; on the contrary, in many rats there 
was an increase in the renal response and a decrease 
of the delay in the onset of the diuresis, though the 
urine volume excreted in 3 hr. still remained signi- 
ficantly lower than that of normal rats (Fig. 2). This 
phenomenon was particularly evident in animals fed 
on diet FF or TT, which contained about 75% of 
water; it was never observed in animals fed on diet 
DD. 

The progressive decrease in the response to water 
could be correlated with the increase of the Cl- and 
Na+ spaces of fat-free muscles. For instance, in rats 
fed on diet DD, the correlation coefficient (7) 
amounted to —0-951, P<0-001 (regression line, 
x= —1-90, y+ 121-4). Similar results were obtained 
in rats fed on other protein-deficient diets. In rats 
fed on diets BB, FF or TT, however, this correlation 
coefficient was significant for a limited period only 
(up to 6 or 7 weeks) and ceased to be significant to- 
wards the end of the experimental period, i.e. when 
the renal response to water administration tended to 
increase. 

Water diuresis during recovery from nutritional 
oedema. When recovering from their hypoprotein- 
aemia as a result of being fed on a high-protein diet 
(HH) again, it could be shown that the diuretic 
response to water administration became gradually 
normal (Fig. 2B). Towards the end of the first week of 
recovery, the administration of the standard amount 
of water produced a diuresis which was significantly 
greater than that obtained in the same rats when fed 
on a protein-deficient diet; the delay in the onset of 
the diuresis was also decreased. However, it was 
only at the end of the second week of the recovery 
process that the administration of the standard 
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amount of water produced a diuresis which was com- 
parable with that observed in normal rats. 

These findings would thus indicate that while fed 
on a protein-deficient diet, rats were unable to 
excrete the water administered in the same manner 
as when fed on a high-protein diet. It remained to 
investigate whether the decreased response to water 
administration observed in these animals was the 
result of an impairment of renal functions or whether 
it was of extra-renal origin, due, for example, to 
increased retention of water by the tissues. 

Renal function tests during the development of 
oedema. Clearance estimations were made in two 
series of rats fed on diets BB and T'T: (i) while the 
tissue oedema developed, and (ii) when the oedema 
was steadily maintained. 

(a) Inulin clearances (glomerular filtration rate = 
G.F.R.). As long as the plasma protein concentration 
remained within normal limits values for G.F.R. were 
independent of the water load, and hence of the 
urine flow (U). The rate of tubular water reabsorp- 
tion (7',) was significantly correlated with that of 
urine flow (Table 2) and changes in urine output were 
the result of changes in 7',,. When the plasma protein 
concentration started to decrease, G.F.R. and urine 
flow became correlated (Dicker, 1949a), and in rats 
fed on a protein-deficient diet for 6 to 7 weeks 
G.F.R. was closely correlated with the urine flow 
(Table 2) (Dicker et al. 1946); at that stage, T,, 
was found independent of the rate of urine flow 
(Table 2), i.e. in rats suffering from protein deficiency 
changes in urine flow were the result of changes of 
G.F.R. 

Very soon after the standard diet had been sub- 
stituted by a protein-deficient diet, there was a 
marked decrease of the mean values for G.F.R. 
(Table 2); at that stage G.F.R., however, was still 
independent of the urine flow (Table 2). This fall of 
the mean G.F.R. was accompanied by changes in the 
rate of tubular water reabsorption (Table 2). In rats 
fed on the standard diet, the coefficient of correlation 
(r) between 7’, and urine flow was: — 0-702 (regres- 
sion line, 7',, = — 98-3 U + 99-3), while in rats fed for 
10 days on diet TT, r= —0-964 (regression line, 
T,,= —212:0U + 99-5). It follows from the difference 
between the slopes of the two regression lines that in 
rats fed for 10 days on diet T'7', and having a mean of 
G.R.F. = 0-48 ml./100 g./min., comparatively bigger 
changes in 7, would be necessary to produce 
changes in the rate of urine flow, than in rats fed on 
the standard diet. 

(b) Diodone clearances were estimated only in rats 
in which the plasma water content was above 93-0 %. 
The values for Tm, (maximal rate of tubular ex- 
cretion for diodone = tubular excretory mass) found 
were significantly lower than in normal rats (¢, 3-929; 
P>0-001) and agreed with those found previously 
(Dicker et al. 1946). 
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Table 2. Inulin clearance estimations and rate of tubular water reabsorption in rats fed on a standard 
and on a protein-deficient diet 


(c.F.R. =glomerular filtration rate (inulin clearance); 7',,=amount of water reabsorbed by the tubules expressed as 
percentage of the amount of water filtered (G.F.R.); U =urine flow.) 


Rats fed on vegetable low-protein diet 77 
en 














— 
Rats fed on standard diet HH (a) For 10 days (b) For 42 days 
o_O OO 7 A — c A a 
G.F.R. Urine flow G.F.R. Urine flow G.F.R. Urine flow 
(ml./100 g./ (ml./100 g./ ¥. (ml./100 g./ (ml./100 g./ Pe (ml./100 g./ (ml./100 g./ 7 
min. min.) (%) min.) min.) (%) min.) min.) (%) 
0-70 0-0070 99-0 0-52 0-0060 99-2 0-12 0-0045 96-2 
0:72 0-0085 98-7 0-46 0-0080 98-3 0-10 0-0070 93-0 
0-86 0-0092 98-9 0-48 0-0090 98-1 0-15 0-0095 93-7 
0-83 0-0105 98-8 0-55 0-0100 98-1 0-24 0-0120 95-0 
0-90 0-0110 98-8 0-42 0-0105 97-4 0-25 0-0130 95-1 
0-60 0-0130 97-8 0-47 0-0125 97-2 0-30 0-0150 95-0 
0:73 0-0180 97°5 0-49 0-0175 96-3 0-40 0-0200 95-1 
0-78 0-0250 96-8 0-53 0-0250 95-3 0-52 0-0250 95-2 
0-74 0-0305 96-0 0-50 0-0300 94-0 0-60 0-0300 95-0 
0-85 0-0350 95-8 0-42 0-0330 92-1 0-58 0-0322 94-4 
0-69 0-0360 94-8 0-43 0-0380 90-7 0-73 0-0350 95-2 
0-75 0-0480 93-2 0-52 0-0450 91-3 0-80 0-0425 94-5 
Means 0-76 0-0209 97-2 0-48 0-0204 95-2 0-40 0-0205 94-9 
S.E. +0-024 +0-00373 +0-52 +0-011 +0-00371 +0-83 +0-064 +0-00344 +0-20 
WH, —-—_- 
Correlation r, —0°702; P<0-01 r, —0-:964; P<0-001 r, +0-934; P<0-001 
coefficient 


Regression line T », —98:3 U +99-3 

(c) Clearances of chloride and sodium ions. For the 
first 3-4 weeks, depending on the type of diet fed, 
clearances of Cl- and Na* remained comparable with 
those found in normai rats (Dicker, 1948a). In rats 
fed for 5-6 weeks on diet 7'7', there was a marked 
decrease in the clearances of Cl- and Na*, with a fall 
in the calculated values for T, and 7T',,. In rats fed 
on diet BB this decrease of the mean value for Cl- 
and Na+ clearances occurred only after 6-8 weeks. 
In the two series of rats investigated, the depression 
of the reabsorptive mechanism for Cl- and Na* and 
that for the transfer of diodone were found to coin- 
cide, and to occur when G.F.R. was most closely 
correlated with the rate of urine flow. 

The antidiuretic activity of the urine of rats fed on 
a protein-deficient diet. From the results so far pre- 
sented it will be seen that renal functions of rats fed 
on a protein-deficient diet showed the following 
characteristics: (a) soon after the standard diet had 
been substituted by a protein-deficient diet, there 
was a decrease in the urine output (Table 1); (b) there 
was a decreased renal response to water administra- 
tion (Fig. 1); (c) the slope of the regression line of T’,, 
correlated with urine flow was different from that of 
rats fed on the standard diet. These findings suggest 
that the changes in renal function in these rats are due 
to a marked antidiuretic effect. The urine of normal 
rats has no antidiuretic activity (Heller & Urban, 
1935). The urines of rats fed on diets BB, DD, FF or 
TT were therefore assayed for the presence of an 
antidiuretic substance. 


Typ — 212-0 U +99-5 


G.F.R., +17-2 U +0-05 


Normal rats were given an amount of water equal 
to 5% of their body weight and were injected sub- 
cutaneously with 1-0 ml./100g. of concentrated 
urine from rats which had been fed on a protein- 
deficient diet for various periods. Urine from normal 
rats, even when concentrated up to 50 times, never 
exerted any antidiuretic effect. In contrast, urine 
from rats fed on any of the protein-deficient diets 
used had an unmistakable antidiuretic activity 
(Fig. 2A, B). In rats fed on diet BB, the maximum 
antidiuretic effect was reached after 7 weeks; in 
rats fed on DD or TT, the maximum was reached 
between the 4th and 5th week. It will be seen, how- 
ever (Fig. 2.4), that when rats were fed on a protein- 
deficient diet for longer periods, there was a decrease 
in the antidiuretic titre of their urine. This decrease 
of the antidiuretic activity of the urine occurred at 
the same time as the increase of the diuretic response 
to the administration of the standard amount of 
water (Fig. 2), i.e. at a time when the mechanism of 
urinary excretion was regulated by changes in the 
glomerular filtration rate more than by changes in the 
tubular activity. 

When rats were allowed to recover from their 
oedema of malnutrition, by being fed on a high- 
protein diet (HH) the antidiuretic activity of their 
urine decreased progressively ; it will be noted, how- 
ever (Fig. 2B), that even after having been fed on a 
standard diet HH for a fortnight, there was still 
some antidiuretic substance present in the urine. 
This finding may be correlated with the fact that in 
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these animals, when killed, the muscle-water content 
and the extracellular fluid phase were still signifi- 
cantly higher than in normal rats (Table 1). 

It was beyond the scope of this work to investigate 
the chemical nature of this antidiuretic substance; 
it was found, however, that in contrast to vaso- 
pressin (Harris, 1948) it is not dialysable and that its 
activity is not significantly destroyed by the addition 
of an equal volume of 2N-NaOH to the concentrated 
urine (Dudley, 1920). 





DISCUSSION 


It would appear from this investigation that when 
a protein-deficient diet is substituted for a standard 
diet in rats, there is a sudden decrease of the amount 
of water cleared by the kidneys. A similar observa- 
tion had been made in human beings fed on a diet 
low in protein (Folin, 1905). The decrease of the urine 
output in rats is not the result of a decrease in the 
water load of the animals for the following reasons. 
(a) The rats ate the same quantity (10 g./100 g. rat) 
of a diet which, though low in its protein content, 
yielded the same amount of calories and had the 
same water and salt content as the standard diet 
(HH). The water made available by combustion 
amounted to 1-06 g. water/g. food for the protein- 
deficient diet (BB) and to 0-94 g. water/g. food for 
the standard diet (HH). Thus, by substituting a 
high-carbohydrate low-protein diet (BB) for a pro- 
tein one (HH), there would be potentially an excess 
of 1-20 g. water/100 g. rat. (b) Assuming that the 
amount of ‘deposit protein ’/kg. body weight was the 
same in normal rats as in human beings (Boothby, 
Sandiford, Sandiford & Slosse, 1925), this ‘deposit 
protein’ would be held in association with an amount 
of water equivalent to about 14 % of the body weight ; 
when rats were fed on a protein-deficient diet, this 
protein reserve would be drawn upon and utilized, 
thus liberating a significant amount of water, which, 
added to the surplus of metabolic water from diet 
BB, may explain the decrease of the amount of 
water drunk, but not the decrease of the urine 
volume. 

The question then was whether the decrease of the 
urine volume, which occurred almost simultaneously 
with the change of diet, was produced by changes in 
the kidney functions, or whether it was the result of 
water retention by the tissues. From the results of 
inulin clearance estimations made during the first 
2 weeks of feeding on a protein-deficient diet, it 
would seem that a decrease in the mean glomerular 
filtration rate accompanied by a change in the rate 
of tubular water reabsorption (7',,) might account for 
the decreased urine volume; from the difference in 
the slopes for 7',, values in normal rats and in animals 
fed on a protein-deficient diet, it can be deduced that 
a comparable decrease of the urine output involves 
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a higher rate of tubular water reabsorption in the 
latter than in the former ; e.g. ifan initial urine output 
of 0-050 ml./100 g./min. in both series of rats de- 
creased to 0-025 ml./100 g./min., this would mean 
that 7',, in normal rats increased by 3-5 % (from 93-4 
to 96-7 %), while 7’, in rats fed on a protein-deficient 
diet increased by 5-5 % (from 90 to 95%). In view 
of the fact that a decrease of the urine output 
occurred soon after feeding on a protein-deficient 
diet, in spite of the fact that glomerular filtration rate 
remained constant, it can be assumed that the initial 
water retention observed in these rats was produced 
by an enhanced tubular water reabsorption, as 
resulting from the action of an antidiuretic substance. 
This assumption is supported by the fact that, in 
contrast to normal rats, an antidiuretic substance 
was actually found in the urine of rats fed on a 
protein-deficient diet. 

Though it was not possible to determine the nature 
of the antidiuretic substance, the fact that it occurred 
while the plasma-water content increased makes it 
unlikely to be a secretion of the posterior pituitary 
gland. Its presence in the urine of rats fed on a 
protein-deficient diet would also provide an explana- 
tion for the small diuretic effect following water 
administration to these animals. A decrease of the 
renal response to the administration of water has 
been reported by Leslie & Ralli (1947) in rats fed on 
a diet containing 38 % of fat ; they-attributed it to the 
high fat content of the diet and not to its low protein 
content. This explanation cannot apply to the 
present series of results, as both the normal diet (HH) 
and the protein-deficient diet (BB) contained the 
same amount of fat, i.e. 12-5 %, while the other diets 
DD, FF or TT contained even less (3-5 %). 

While no evidence could be obtained from 
clearance tests that renal function was impaired in 
the early stage of malnutrition, there was good 
evidence of a renal deficiency at a later period ; after 
several weeks on a protein-deficient diet, when the 
plasma water content was significantly increased 
and the urinary excretion seemed to be regulated 
mainly by changes in glomerular filtration rate, the 
clearances of diodone, Cl- and Na+ were markedly 
depressed, indicating a severe impairment of tubular 
excretory and reabsorptive activity. 

These findings were reminiscent of those en- 
countered in newborn children or animals: it will be 
remembered that in newborn children the mean rate 
of glomerular filtration was found to be much lower 
than in adults, and in contrast with adults to be 
correlated with the degree of hydration (Young & 
McCance, 1942; Dean & McCance, 1948). Tubular 
function studied by use of diodone or p-amino- 
hippuric acid clearances showed that in newborn 
children, the tubular excretory mean (7'm) values 
for either of these substances were considerably de- 
pressed (Dean & McCance, 1948), and so were 
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clearances of Cl-, Na+ and K+ (McCance & Young, 
1941). Furthermore, it was shown by Heller (1947) 
and McCance & Wilkinson (1947) in newborn rats, 
and Adolph (1943) on young puppies, that the 
diuretic response to water administration was either 
very much diminished or even completely absent. 

In the present series of rats, all the findings sug- 
gested the possibility that the occurrence of tissue 
oedema was accompanied by a reversal of the adult 
type of kidney to that of a newborn; whether these 
changes in the renal function were the result of the 
low plasma protein concentration encountered in 
these animals could not be ascertained; in view of 
the accumulating evidence that no relation between 
the degree of hypoproteinaemia and the occurrence 
of oedema of malnutrition can regularly be demon- 
strated (Stare, 1945; Davidson, Wilcke & Reiner, 
1946; Keys et al. 1946; Dicker, 19486; Gollan, 1948) 
it is unlikely that the plasma protein concentration 
had any direct bearing on the renal functions. 

It is of interest, however, to remember that 
Eggleton, Pappenheimer & Winton (1940) showed on 
an isolated kidney preparation that the diuresis 
resulting from a dilution of the plasma protein was 
mainly due to changes in the glomerular filtration 
rate, whereas dilution diuresis in an anesthetized dog 
was mainly the result of a change in the tubular 
activity involving reduction in the reabsorption of 
water. 

Summing up, there is evidence for attributing the 
decrease in urine volume which occurred in rats 
soon after a protein-deficient diet was substituted 
for a standard diet to an enhanced tubular water re- 
absorption, the other kidney functions remaining 
unaffected. At a later stage, however, when tissue 
oedema was fully developed, renal impairment in- 
volving alterations of the tubular mechanisms for the 
reabsorption of water and ions and the regulation of 
urine volume by changes in the glomerular filtration 
rate could be clearly demonstrated. A renal factor 
operating at the onset and during the maintenance of 
the oedema can therefore be postulated. 


SUMMARY 


1. When a protein-deficient isocalorific diet was 
substituted for a standard diet in rats, there was a 
sudden decrease of the amount of water excreted by 
the kidneys. This decrease of the urinary volume 
could not be explained by a change in the total water 
load. The urinary concentration of chloride and 
sodium ions remained unaffected. The urinary ex- 


WATER BALANCE IN PROTEIN-DEFICIENT OEDEMA 61 


cretion of Cl- and Nat/24hr. was, however, 
markedly decreased. 

2. After several weeks on a protein-deficient diet, 
the urinary concentration of Cl- and Na* decreased, 
while the urine volume increased. In spite of this 
increase of the urine volume there was a further 
decrease of the urinary excretion of Cl- and Nat. 

3. Correlating these changes in the urinary ex- 
cretion with those occurring in blood plasma and 
skeletal muscle in rats fed on a protein-deficient diet 
it could be shown that: (a) the initial decrease of the 
urine volume, without changes in the ionic concentra- 
tion, corresponded to a slight but significant water 
retention accompanied by a small increase of the 
extracellular fluid space; (b) the decrease of the 
urinary concentration of Cl- and Na* coincided with 
a marked increase of the extracellular fluid phase. 

4. Clearance estimations of inulin, diodone, Cl- 
and Na* showed that: (a) Soon after the rats were 
put on a protein-deficient diet, the mean glomerular 
filtration rate decreased, but remained independent 
of the urine flow; this decrease in the glomerular 
filtration rate was accompanied by an increase in the 
tubular rate of water reabsorption. Diodone, Cl- and 
Nat clearances were normal. (b) After several weeks 
on a protein-deficient diet, glomerular filtration rate 
was closely correlated with that of urine flow. The 
clearances of diodone, Cl- and Nat were significantly 
depressed. 

5. The administration of a standard amount of 
water by stomach tube to rats fed on a protein- 
deficient diet resulted in a diuresis which was delayed 
in its onset and decreased in its amount, when com- 
pared with that in normal rats. The first decrease in 
the renal response to water administration occurred 
in rats after 1-2 weeks on a protein-deficient diet ; the 
minimum response was observed after about 7 weeks. 

6. The urine of rats fed on a protein-deficient 
diet contained an antidiuretic substance. The anti- 
diuretic activity of the urine increased the longer the 
animals were fed on one of the experimental diets. 
The first appearance of antidiuretic activity in the 
urine coincided with the decreased glomerular filtra- 
tion rate, the increased tubular water reabsorption 

and the decreased renal response to water administra- 
tion. Maximum antidiuretic activity of the urine 
was found in rats fed for 7-9 weeks on a protein- 
deficient diet. 

7. It is concluded that a renal factor is involved in 
the onset and maintenance of the oedema of protein 
deficiency. 
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Pigments Derived from Tryptophan: (1) Urorosein, (2) Tryptochrome 


By W. R. FEARON anp W. A. BOGGUST 
Department of Biochemistry and Department of Chemistry, Trinity College, Dublin 


(Received 2 May 1949) 


Pigments obtained from tryptophan include repre- 
sentatives of two classes: (1) indigoids, formed by 
the action of halogens or other oxidizers on free 
tryptophan; and (2) pigments of the Hopkins-Cole 
type, formed from free or peptide-linked tryptophan 
by condensation with aldehydes, and subsequent 
oxidation. The recently described pigment, trypto- 
chrome (Fearon, 1948) appears to belong to the first 
class and as indole-3-aldehyde is an oxidation pro- 
duct of tryptophan (Hopkins & Cole, 1903; Ellinger, 
1906), astudy was made of its chromogenic properties 
to see if it was an intermediate in the formation of 
tryptochrome. 


UROROSEIN 


In presence of acids, indole-3-aldehyde spontan- 
eously changes into the red pigment, urorosein 
(Ellinger & Flamand, 1909; Homer, 1913, 1915). 
Urorosein, first obtained by the action of an acid and 
an oxidizer on urine, is distinguished from other red 
pigments of urinary origin by: (a) its insolubility in 
chloroform, (b) its reversible bleaching by alkalis, 


and (c) the spectrum of its solution in amy] alcohol, 
which shows bands at 550-530 and 500-480 mux. 
(Maillard, 1913; Homer, 1915). The natural pre- 
cursor in urine is either 3-indolylacetic acid (Herter, 
1908) or the glycine conjugate, N-(3-indole-acetyl)- 
glycine (Ewins & Laidlaw, 1913; Homer, 1913). As 
yet, no structural formula for urorosein has found 
general acceptance. Those suggested are: nitroso- 
indolylacetic acid (Herter, 1908), a triindolyl- 
methane derivative (Ellinger & Flamand, 1909), and 
indolylindolylidene (K6nig, 1911). According to 
Riesser (quoted by Ellinger, 1913), urorosein is an 
oxidation product of the leuco base, 


(C,H,N) .CH:[C,H,;N(CH,.COOH)],, 


formed by condensation between 1 molecule of 
indole-3-aldehyde and 2 molecules of 3-indolylacetic 
acid. The chemistry of the urinary indigoids, up to 
1912, has been reviewed by Maillard (1913), but, as 
Rimington, Holiday & Jope (1946) observe, there 
has been much confusion regarding the nomen- 
clature and identity of the red pigments obtainable 
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from urine. It is now established that indirubin 
(indigo red) and urorosein are independent com- 
pounds, each arising from its own special chromo- 
gens. From acidified autoclaved urines, Rimington 
et al. (1946) isolated indirubin in crystalline form, 
characterizable by its absorption spectrum. Solu- 
tions of 3-indolylacetic acid, similarly treated, 
yielded no indirubin. For urorosein production, 3- 
indolylacetic acid requires an acidic condensing 
medium and an oxidizer. Ordinary concentrated 
hydrochloric acid usually can provide both factors. 
Rimington et al. have found that a solution of 3- 
indolylacetic acid in 20% (w/v) hydrochloric acid 
turns red on standing, and acquires the absorption 
band with maximum at about 530 my., character- 
istic of urorosein salts. We have observed that a 
similar solution in pure 20% (w/v) sulphuric acid, 
protected from the atmosphere, does not generate 
urorosein. 

In contrast, urorosein formation from indole-3- 
aldehyde in acid solution requires no oxidizer, and 
can take place spontaneously even in warm, glacial 
acetic acid. However, in presence of concentrated 
mineral acids, indole-3-aldehyde, like other aromatic 
aldehydes, can condense with substituted indoles to 
produce chromogens and pigments of the Hopkins- 
Cole type, depending on the oxidizer present 
(Rydon, 1948). A reaction of this nature may have 
been responsible for the triindolylmethane pigment 
obtained by Ellinger & Flamand (1909). 


EXPERIMENTAL 


Preparation of urorosein 


(1) From indole-3-aldehyde. Recrystallized indole-3- 
aldehyde (0-1 g.) in 35% (w/v) H,SO, (80 ml.) was heated at 
60° in a water bath, for 45 min. The mixture rapidly turned 
red and a dark red crystalline precipitate eventually 
separated. After remaining for some hours at room temper- 
ature, the precipitate was collected, washed free from 
excess of acid, and recrystallized from hot glacial acetic acid. 
Urorosein formed dark purple needles, with a greenish 
lustre. Yield was 60mg. m.p., approx. 231° (decomp.). 
Thus obtained, the pigment appears to be the mixed 
sulphate of a hitherto unrecorded base, C,,H, >N.. (Found: 
C, 55-8; H, 4-6; N, 7-4; SO,, 33-6. (C,,H,.N,SO,),.H,SO, 
requires C, 56-1; H, 3-4; N, 7-2; SO,, 33-2%.) When a 
mixture of equal parts of saturated aqueous picric acid and 
urorosein sulphate in glacial acetic acid was kept at room 
temperature for several days, a picrate separated in red, 
mossy fronds, m.p., approx. 120° (decomp.). (Found: N, 
14-5. C\sH,)N, . CsH30,N; requires N, 14-49%.) 

(2) From 3-methyl-indole (scatole) 2-methyl-indole and 3- 
indolylacetic acid. After purification, none of these com- 
pounds gave any colour when heated at 60° in the 35% 
H,SO,, unless an oxidizer was added: H,O,, HNO,, Fe+++, 
persulphate, perborate, or chloroauric acid. Maximum 
colour development was achieved by one mol. equiv. of O,. 
Under these conditions, red pigments spectroscopically in- 
distinguishable from urorosein sulphate were obtained as 
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crystalline precipitates. Excess of oxidizers and prolonged 
heating converted the pigment into isatin. The production 
of urorosein when 3-methyl-indole or 3-indolylacetic acid is 
oxidized in acid solution has been recorded also by Homer 
(1915). 

Properties of urorosein. Urorosein salts are soluble in 
water, ethanol and higher alcohols, forming orange to red 
solutions, the shade and intensity of which depend on the 
degree of dissociation of the salt. In strongly acid solutions 
the colour is a characteristic carmine-rose. The free base is 
yellow, and can be extracted from slightly alkaline solutions 
by CHCl, in which the red salt does not dissolve. The base is 
unstable to atmospheric exposure, but dissolves in acids, 
regenerating the stable red pigment. As commonly pre- 
pared in urine, urorosein is an equilibrium mixture of both 
forms. In concentrated ethanolic solution, urorosein salts 
show a broad band between the D and the £ lines, which on 
dilution recedes from the red end of the spectrum, and 
shows a maximum about 510 my. Pure urorosein sulphate 
in ethanol shows bands at 540-480 mp. (log «<4-0), 
370 mp. (log e=+2-9), 285 mp. (loge=4-5), and 225 my. 
(log e=5-0). Urorosein base shows a band about 350 my. 
and an intense band at about 510 my., which is prominent 
in the spectra described by earlier investigators. 


DISCUSSION 


Urorosein appears to be formed by the direct con- 
densation of 2 molecules of indole-3-aldehyde. No 
evidence could be obtained that the aldehyde side 
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Fig. 1. Photometric absorption curves for urorosein, 
isatin and indirubin. 


chain is split off during the process, and the final 
mixtures were free from likely degradation products, 
such as formaldehyde, formic acid and carbon 
dioxide. 

2C,H,N(CHO) = > 

Indole-3-aldehyde 

The absorption curve (Fig. 1) is of interest on account 
of its resemblance to that of isatin (Ward, 1923), 
which shows maximum absorption at 420 mu. 
(log «=2-7), 310 mp. (log «=3-4), and at 245 mp. 
(log e=4-2). Urorosein has a similar system, all 
bands being relatively displaced with slightly in- 


C,sH,)N, +2H,0. 
Urorosein base 





6+ 


creased intensities. The 350 mp. band of the free 
base is somewhat masked by the rise of the curve to 
the intense absorption region at about 510 mp. The 
420 mu. band of isatin is characteristic of the «f- 
dicarbonyl or similar double-bond system, and is 
found at about 380 or up to about 400 mu. in phen- 
azines that contain the ortho di-)C=N— linkages 
(Bednarezyk & Marchlewski, 1938; Cholewinski & 
Marchlewski, 1938). From the data available, the 
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100,000. As a fluorescence test, the sensitivity is at least 
1 in 10°. 

Selectivity. The reaction requires an indole nucleus with 
an unsubstituted C in the 2-position of the pyrrole ring, and 
a —CH,.CH(NH,)— side chain at the 3-position. It is not 
given by unhydrolysed proteins, by 2-methyltryptophan, 
by B-3-indolylpropionic acid, or by any of the common 
amino-acids, other than tryptophan. It will detect trypto- 
phan in protein hydrolysates, and, under favourable condi- 
tions, in urine. A red colour, unaccompanied by the 


CH,.CO.NH.CH,.COOH or 
EY 
Nii N 


N-(3-Indole-acetyl)-glycine 


3 -CHO 
= 
NH 


Indole-3-aldehyde 


| 
CL 


Urorosein base 
(Indolo (3’: 2'—2:3) carbazole) 


3-Indolylacetic acid 


+ cn, 


NH 
3-Methylindole 


Indole-2-aldehyde 


2-Methylindole 


Relationship of the urorosein chromogens 


simplest structure that can be assigned to urorosein 
is indolo (3’:2’-2:3) carbazole, which also explains 
its formation from either 2-methyl- or 3-methyl- 
indole. 


TRYPTOCHROME 


The term ‘tryptochrome’ is applied provisionally to 
the highly fluorescent, scarlet pigment obtained 
when free tryptophan or tryptamine in 70-90% 
acetic acid is oxidized with iodate. A fluorescent, 
violet iodinated precursor, ‘iodoprotryptochrome’ 
has also been isolated. 


EXPERIMENTAL 
The tryptochrome reaction 


Method. About 1 ml. of a dilute (about 0-1%) aqueous 
solution of tryptophan is mixed with 5 ml. of aldehyde-free 
glacial acetic acid and two drops of 1% aqueous KIO,. On 
warming, an eosin-red colour, accompanied by a greenish 
orange fluorescence, rapidly appears. Colour development 
continues as the mixture cools, and persists in the solution, 
even after exposure for a year to air and diffused light. With 
more concentrated solutions of tryptophan, the colour is 
violet (iodoprotryptochrome), but becomes red when warmed 
with additional KIO,. 

Sensitivity. As a colour test, the reaction will show 
free tryptophan or tryptamine in dilutions down to 1 in 


characteristic fluorescence, is given by a few biological 
compounds, notably adrenaline, which forms iodoadreno- 
chrome when treated with iodate in acid solution (Richter 
& Blaschko, 1937). This reaction, however, can take place in 
acetic acid solutions as dilute as 2%, under which conditions 
tryptophan does not react. 

Comment. The acetic acid must be in considerable excess, 
otherwise the colour reaction is inhibited by the formation 
of insoluble iodinated tryptophan derivatives which separate 
out as a dull brown precipitate. For detecting very small 
amounts of tryptophan, aldehyde-free glacial acetic acid 
should be used. The iodate can be replaced by BrO,-, Br,, or 
hypochlorite, but these rapidly destroy the pigment. 
Peroxide, persulphate, perborate, MnO,, Fe+++, ferri- 
cyanide, ceric acid, and chloro-auric acid alike are in- 
effective for tryptochrome production, although they can 
form urorosein from its chromogens. 

Isolation of tryptochrome. When the solution in acetic acid 
is diluted with 4 vol. of water, tryptochrome separates out 
almost completely, and can be extracted with ether, CHCl, 
or iso-butanol. The extract, washed free from water and 
dried in vacuo, on addition of light petroleum, deposits 
tryptochrome as an iodine-free, fine amorphous powder, or 
occasionally, as garnet-red microcrystals. Crystalline 
material in sufficient quantities for analysis could not be 
obtained. Analytical results for three reprecipitated 
samples of amorphous tryptochrome are: C, 69-8, 70-1, 
69-9; H, 4-7, 4-6, 4-7; N, 14-0, 13-9, 13-5. Mol. wt. (Rast), 
approx. 300. C,,H,,0,N; requires C, 71-7; H, 3-7; N, 140%, 
mol.wt. 301. 
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Preparation of iodoprotryptochrome 


DL-Tryptophan (1 g.) in 96% (v/v) acetic acid (150 ml.) 
was kept at 60° for 30 min. during the gradual addition, 
with continuous stirring, of one equiv. (1-05 g.) of KIO, in 
water (25 ml.). After remaining for a further 30 min. at 
60°, the mixture was let cool overnight. The dark purple 
precipitate of iodoprotryptochrome (0-5 g.) was collected, 
washed free’from acid, and dried in vacuo. Crystallization 
from hot, glacial acetic acid yielded minute dark violet 
prisms, with a bright lustre. On heating, they began to 
shrink at 250°, and decomposed about 300°. Mol.wt. (Rast), 
approx. 480. (Found: C, 50:3; H, 29; N, 12-0; I, 27-0. 
C.9H,30,N,I requires C, 51-2; H, 2-9; N, 11-9; I, 27-1%.) 

Properties. Iodoprotryptochrome is freely soluble in 
strong acids, slightly soluble in ethanol and higher alcohols, 
and almost insoluble in other common organic solvents and 
in water. The halogen is loosely bound, and decomposition 
is readily effected by heating in an inert solvent. Careful 
addition of H,O,, persulphate, or Fe+++ to a solution of iodo- 
protryptochrome in hot glacial acetic acid converts it 
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Fig. 2. Photometric absorption curves for iodoprotrypto- 
chrome, tryptochrome and ‘indigotindiphenylacetic ester’. 


completely into tryptochrome. I, is set free, and can be 
removed by keeping the mixture stirred at 80°. After 
cooling, the solution is diluted with 4 vol. of water, and the 
tryptochrome extracted with CHCl,, and purified as pre- 
viously described. Tryptochrome is a neutral compound, 
almost insoluble in water and dilute alkalis, moderately 
soluble in the common organic solvents, with the exception 
of light petroleum, and freely soluble in cone. acids. All the 
solutions show the red colour and fluorescence, which are 
most marked in acid solvents. Tryptochrome is very un- 
reactive. Prolonged boiling with strong alkali eventually 
decomposes it, with liberation of indole and 3-methylindole, 
suggesting that both 2- and 3-substituted indoles form part 
of the skeleton. It does not liberate CO, from bicarbonate 
solution, indicating that the O atoms are not present as a 
carboxyl group. Reduction with Zn in acetic acid gives a 
colourless product that regains its original appearance on 
aeration. The leuco form gives no reaction for catechol with 
molybdate, or general phenol reaction with iron, which 
suggests that tryptochrome is not a quinone. Iodopro- 
tryptochrome in ethanol shows bands at 550, 515, 420, 340, 
293 and 254 my. Tryptochrome, after repeated purification 
by chromatography on alumina, when dissolved in CHCl, 
shows bands at 555, 515, 338 and 290 mu. (Fig. 2). 


Biochem. 1950, 46 


PIGMENTS DERIVED FROM TRYPTOPHAN 


65 


DISCUSSION 


Formation of iodoprotryptochrome or tryptochrome 
involves 2 molecules of the chromogen, and requires 
a C, side chain carrying an amino group, and an un- 
substituted carbon atom in the 2-position of the 
pyrrole ring. The absorption curves show a close 
relationship to the indigoids. No evidence for an 
amino-acid side chain could be obtained. The intense 
colour and low solubility of the pigments made it 
difficult to exclude the possibility of a faint positive 
response to the ninhydrin test, but solution-sus- 
pensions in dilute alkali reacted negatively to for- 
maldehyde titration under conditions where the 
addition of a few mg. of glycine gave an unmistakable 
positive reaction. The low solubility of both pig- 
ments in dilute alkalis appears to exclude the 
presence of a carboxyl group. Phenylhydrazones 
could not be obtained, but when iodoprotrypto- 
chrome was refluxed in absolute ethanol for some 
hours with hydroxylamine and calcium carbonate, 
the violet colour and the fluorescence gradually dis- 
appeared and a reddish brown crystalline material 
separated. This has not yet been identified, but it 
appears to be either a monoxime or dioxime of 
tryptochrome. These results suggest that if the 
tryptochromes contain a ketonic function, it is of the 
type found in indigotin and indirubin rather than 
that present in isatin which is much more reactive. 
The spectra of tryptochrome and iodoprotrypto- 
chrome were compared with those of a number of 
synthetic compounds containing the indole nucleus. 
Of these, only one, ‘indigotindiphenylacetic ester’, 
was found that closely resembled tryptochrome in 
spectrum, and also in fluorescence and scarlet colour. 
Its constitution is well established (Posner & Pyl, 
1923; Posner & Kemper, 1924). A solution of chro- 
matographically purified ‘indigotindiphenylacetic 
ester’ in chloroform gave an absorption curve of the 
indigoid type (Fig. 2), and showed bands at 552, 515, 
370 and 290my. Iodoprotryptochrome can be 
represented as having a similar nucleus formed from 
six fused rings. Hence, it is suggested that the pig- 
ment is formed by union of two tryptophan units in 
the «-position, to generate an indigoid system in 
which both of the original side chains of the amino- 
acids have contributed to form two additional rings, 
each carrying a new chromophore system. Trypto- 
chrome appears to be a derivative of protrypto- 
chrome arising by oxidation, from which one ring 
and the chromophore responsible for the 420 mz. 
band have been removed, leaving a structure similar 
to the ‘indigotinphenylacetic ester’ skeleton. The 
following constitutions are assigned provisionally to 
the tryptochrome pigments. The point of attach- 
ment of the iodine atom in iodoprotryptochrome is 
uncertain. Because of its lability, it is unlikely to be 
5 
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located in one of the benzene rings, and it is assigned 
to that part of the molecule vulnerable to the attack 
that leads to the production of tryptochrome. 








6 C,H; 


‘ Indigotindiphenylacetic ester’ 
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rapidly, or in excess, a brown precipitate of iodotryptophan 
or iodotryptochrome will be the result. If the mixture 
contains more than about 0-1 % of tryptophan, the pigment 


as 
ae 


HO NH 
N 
N 
I 
HN OH 
(?) lodoprotryptochrome 
CypH30.Nql 
0 NH 
N 
NH 
O 


?) Tryptochrome 


C,sH,,0.N; 


The tryptophan iodine reaction 


While studying the conditions of tryptochrome 
production, it was observed that free tryptophan 
gives a colour reaction with iodine in solutions in the 
region of the isoelectric point, pH 5-9. Outside the 
range pH 4-6, colour development is insignificant, 
and in solutions of higher acidity dark brown pre- 
cipitates of iodinated tryptophans are formed. This 
may be the reason why the colour reaction appears to 
have been overlooked, and why earlier workers 
(Neuberg & Popowski, 1906; Neuberg, 1907) have 
commented on the inability of iodine to replace 
chlorine or bromine in the familiar tests. Mahn 
(1930) also fails to mention the colour reaction in his 
account of iodotryptophan. 


Test. About 3 ml. of the tryptophan solution are mixed 
with an acetate buffer of pH 4-5, and 1% aqueous or 
ethanolic I, is added carefully drop by drop. The presence of 
tryptophan or tryptamine is shown by the development of 
a deep purple colour. Maximum colour development re- 
quires only one equiv. of I,. If the halogen be added 


will slowly separate out, and can be extracted readily by 
CHCl,. The red and purple pigments obtained by Neuberg 
& Popowski (1906) contain Cl or Br, but, unexpectedly, the 
pigment formed by the action of I,, and provisionally called 
‘tryptophan purple’ is halogen-free, and titration of the 
residual mixture shows that all the added I, required by the 
reaction has been converted into iodide. 

Properties. ‘Tryptophan purple’ is moderately soluble in 
ethanol and in glacial acetic acid. The ethanol solution 
shows bands at 512, 370, 285 and 250 mp., and the ab- 
sorption curve indicates a close relationship to urorosein 
and to indirubin. Chromatographic analysis on alumina 
showed the presence of blue and red contaminants, in 
addition to the principal violet pigment. The mixture was 
not further investigated. 


SUMMARY 


1. The preparation of urorosein is described. 
A study of its optical and other properties indicates 
that its structure is indolo (3’:2’-2:3) carbazole. 

2. The production of a fluorescent, red pigment, 
tryptochrome, is described as a delicate and selective 
test for free tryptophan and tryptamine. 


Table 1. Absorption maxima of the pigments 


Pigment Solvent 
Urorosein sulphate Ethanol 
Tsatin CHCl, 
Indirubin CHC), 
Iodoprotryptochrome Ethanol 
Tryptochrome CHCl, 
‘Indigotindiphenylacetic ester’ CHCI, 
‘Tryptophan purple’ Ethanol 


* Apart from preliminary observations on the visible spectra, all the optical measurements used in constructing the 
curves were made by Mr E. R. Stuart, by means of the Beckman quartz spectrophotometer. The curves were drawn from 
experimental points read off the spectrophotometer wavelength scale at 5 mu. intervals. 


Wavelength (my.)* 


eS SS SS SS 


535 484 — 370 285 225 
— — 420 — 310 248 
540 — — 364 290 242 
550 515 420 340 293 254 
555 515 _ 338 290 _ 
552 515 _— 370 290 _ 
— 512 — 370 285 250 
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3. Tryptochrome and its precursor, iodopro- 
tryptochrome, have been isolated, and provisional 
formulae are assigned to them. 


We are indebted to Mr E. R. Stuart of the Chemical 
Department of this college for the ultraviolet absorption 
data and for his help in their interpretation. We offer our 
thanks to Sir Paul Fildes, F.R.S., for a specimen of pure 
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2-methyltryptophan, to Prof. Wesley Cocker, for his 
interest and criticism; to Messrs Glaxo, for the gift of 
amino-acids, to the Chemical Society, for the award of a 
Research Grant to one of us (W. A. B.) for purchase of 
tryptophan. Microanalyses were by Drs G. Weiler and 
F. B. Strauss, of Oxford. The entire investigation was 
carried out by the aid of a grant from the Medical Research 
Council of Ireland. 
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The Oxidation of Manganese by Peroxidase Systems 


By R. H. KENTEN anp P. J. G. MANN 
Biochemistry Department, Rothamsted Experimental Station, Harpenden, Herts 


(Received 24 June 1949) 


Kenten & Mann (1949) demonstrated the oxidation 
of manganese by certain root extracts in the presence 
of added hydrogen peroxide; the oxidizing system 
consisted of a thermolabile and a thermostable 
factor, together with hydrogen peroxide. Partially 
purified peroxidase preparations, in the presence of 
certain phenolic peroxidase substrates and hydrogen 
peroxide, were found to oxidize added manganous 


Peroxidase ” 
Reduced substrate -——————————>> Oxidized substrate 


Mn***or Mnt+++ Mn ** 

ions (Mn++) and it was suggested that the thermo- 
labile and thermostable factors in the root extracts 
are peroxidase and peroxidase substrate respectively. 
The hypothesis was advanced that intermediate 
products of the oxidation of certain phenolic sub- 


stances by peroxidase and hydrogen peroxide can 
bring about the oxidation of manganese, according 
to the above scheme which involves the substrate 
in a cycle of oxidation and reduction. The present 
work was undertaken to establish the oxidation of 
manganese by plant peroxidase preparations, in 
the presence of phenolic substrates and hydrogen 
peroxide, and to investigate the properties of 
the system. 


MATERIALS AND METHODS 


Peroxidase preparations of different purity were obtained 
from horseradish and turnip, while following the method of 
Keilin & Mann (1937). The ‘Purpurogallinzahl’ (P.Z.) of 
these preparations was determined by the method of Keilin 
& Mann (1937). 

Catalase was prepared from horse liver by the dioxane 
method of Sumner & Dounce (1937). The ‘Katalase- 
faihigkeit’ (Kat.f.) of the preparation, as determined by 
the method of Sumner & Somers (1943), was 20,000. 

Hydrogen peroxide (005M). H,O, (2-7 ml. of A.R. 20 vol.) 
was diluted to 100 ml. A fresh solution was prepared for 
each experiment, and estimated manometrically with acid 
MnO,. (See Tables 3 and 4.) 
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Manometric measurements were carried out in the Warburg 
apparatus at 25°. The volume of the reaction mixture was 
3 ml. and KOH was present in the centre cup. The gas 
space was air unless otherwise stated. 





EXPERIMENTAL AND RESULTS 
Colorimetric evidence of manganese oxidation 


Kenten & Mann (1949) found that on addition of 
MnSO, and H,0, to certain plant extracts in pyro- 
phosphate at pH 7, oxidation of manganese took 
place with the formation of pink manganipyro- 
phosphate. Similar colour reactions were obtained 
with partially purified horseradish peroxidase pre- 
parations and p-cresol on addition of MnSO, and 
H,O,. With horseradish extracts MnO, was isolated 
from the reaction mixtures by allowing the mangani- 
pyrophosphate to dismute at pH 10. 

A variety of phenolic peroxidase substrates have 
now been tested colorimetrically and the results ob- 
tained with horseradish peroxidase of P.Z. 210 are 
given in Table i. Similar results were obtained with 
a turnip peroxidase preparation of P.Z. 90. Colori- 
metric evidence of manganese oxidation was obtained 
with all the monohydric phenols tried except tyro- 
sine, which was apparently not oxidized under these 
conditions. None of the dihydric and trihydric 
phenols tested, with the exception of resorcinol, gave 
evidence of manganese oxidation. 

Where positive tests were obtained the normal 
oxidation product of the phenol did not accumulate. 
This is in agreement with the hypothesis that the 
manganese is oxidized by oxidation products of the 
phenols. Experiments were made with reaction 
mixtures as in Table 1, using phenol and p-cresol as 
phenolic substrate, in which the MnSO, was added 
after the oxidation of the phenol had been allowed 
to proceed for 10 min. No colorimetric evidence of 
manganese oxidation was obtained under these con- 
ditions. This suggests that it is intermediate and not 
final oxidation products of the phenols which 
oxidize the manganese. 
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Table 1. Colorimetric evidence of manganese 
oxidation by peroxidase systems 


(Reaction mixtures consisting of horseradish peroxidase 
of P.Z. 210 (10 ug. in 0-5 ml. water), 0-1 ml. of 0-5m-MnSO,, 
2ml. M-pyrophosphate at pH7, and 0-3 ml. of 0-1m- 
phenolic substrate, were made up in test tubes and 0-2 ml, 
of 0-05m-H,O, were added. Control experiments were 
carried out in the absence of MnSO,. The colour which had 
developed within 1 min. of the addition of the H,O, was 


sem) Colour in Colour in 
Phenolic absence of presence of 
substrate MnSO, MnSO, 

None Nil Nil 

Phenol Pale yellow-brown Pink 

p-Cresol Milky Pink 

o-Cresol Yellow-green Pink 

Tyrosine* Nil Nil 

Catechol Green-brown Green-brown 

Quinol Yellow-brown Yellow-brown 

Resorcinol Light brown Pink 

Pyrogallol Brown Brown 

3:4-Dihydroxy- Brown Brown 


cinnamic acid* 
(caffeic acid) 
* 1-5 mg. solid added to each tube 10 min. before adding 


202 ? 
Isolation of manganese dioxide 


Reaction mixtures containing 150 ml. of M-pyrophosphate 
buffer (pH 7), 30 ml. 0-1 m-phenolic substrate, 20 ml. 0-5 m- 
MnSO,, 4 mg. horseradish peroxidase of P.Z. 105, or 5 mg. 
turnip peroxidase of P.Z. 90, and 100 ml. water, were made 
up. A brisk current of N, was blown through the mixture 
and 20 ml. of 0-05 m-H,O, was added. The solution rapidly 
became dark red with phenol and p-cresol, and dark brown 
with pyrogallol and catechol. Ten minutes after the H,0, 
addition the manganipyrophosphate was converted to 
Mn0O,, by the procedure of Kenten & Mann (1949). In these 
experiments, however, the MnO, flocculated readily and was 
spun off 10 min. after the addition of alkali. On making the 
catechol and pyrogallol reaction mixtures alkaline (pH 10) 
and centrifuging, a black sediment was obtained and the 
supernatant remained a dark colour. 

Control experiments were made with reaction mixtures in 
which either the phenolic substrate or peroxidase or H,0,, 
was omitted. These control mixtures were worked up 


Table 2. Analysis of oxidation products isolated 


(The washed sediments were ground in a mortar and made up in water to 25 ml. The Mn content was estimated colori- 


metrically and the oxidizing capacity by manometric measurement of O, output by 0-5 ml. suspension in 2-3 ml. n-H,SO, 
(in main vessel) from 0-2 ml. of 0-5m-H,O, in 0-1N-H,SO, (added from sidearm).) 


Yield of MnO, 


Apparent (% based on 
2 valency of Mn Total MnO,* total H,O, 
Phenolic Mn (pl./ml. of in oxidation isolated added in 
substrate (mg./ml. of suspension) suspension) product (mg.) preparation) 
p-Cresol 0-826 324-0 3-92 31-5 36 
p-Cresolf 0-800 305-5 3-87 29-7 34 
Phenol 0-640 255-4 3-96 21-9 25 
Catechol 0-001 (approx.) 2-0 — = i 
Pyrogallol 0-001 (approx.) 2-5 — = = 


* Calculated from oxidizing capacity. 


} In this experiment a turnip peroxidase preparation of P.Z. 90 was used. 
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similarly to the complete reaction mixtures, except that 
1 mg. catalase (Kat.f. 20,000) was added to remove the 
H,0, where present. This was necessary to parallel the 
complete reaction mixtures in which all the H,O, had been 
used up. No hydrated MnO, could be isolated from the 
control mixtures. 

The analysis and amounts of hydrated MnO, isolated 
from the various reaction mixtures are given in Table 2. 


Manometric studies of manganese oxidation 
by peroxidase systems 


The oxidation of manganese by peroxidase 
systems has been studied manometrically in two 
ways (cf. Kenten & Mann, 1949): (1) In pyrophos- 
phate at pH 7. A stable manganic complex can be 
formed and under conditions where the rate of for- 
mation of manganipyrophosphate is greater than its 
rate of decomposition by the H,O,, the manganipyro- 
phosphate accumulates and can be estimated. (2) In 
orthophosphate at pH 7. Astable manganic complex 
cannot be formed and the manganese oxidation 
product reacts with the H,O, as rapidly as it is 
formed, and there is no accumulation of oxidized 
manganese. 


Experiments in pyrophosphate : the accumulation and 

estimation of manganipyrophosphate 

The manganipyrophosphate which accumulates 
when the reactions are carried out at high MnSO, 
concentration in pyrophosphate at pH 7 can be esti- 
mated manometrically with hydrazine (Kenten & 
Mann, 1949). This method has been used to study the 
effect of variation in the peroxidase, the phenolic 
substrate, and the H,O, concentration on the accu- 
mulation of manganipyrophosphate. 


The effect of variation in the peroxidase concentration. 
Provided that the concentration of phenolic substrate is 
sufficient, an active manganese oxidizing system can be 
demonstrated with a few yg. of the peroxidase preparation, 
P.Z. 105. The effect of variation in the peroxidase concentra- 
tion on the accumulation of manganipyrophosphate is 
shown in Table 3. On adding the H,O, a rapid evolution of 
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O, took place, the rate increasing with increasing enzyme 
concentration, and the evolution of gas being complete in 
all cases within 10 min. The total O, output decreased with 
increasing peroxidase concentration and varied from 71 to 
22% of the theoretical output over the range of 10-160 yg. 
of peroxidase of P.Z. 105. This decrease in O, output was 
due to increase in manganipyrophosphate accumulation. 
The most intense pink colour was in the vessel containing 
the largest amount of peroxidase, and in the subsequent 
estimation of manganipyrophosphate with hydrazine the 
N, evolution was highest in this vessel. The combined O, and 
N, output was in every case close to that required by theory. 
Under these conditions, with purified enzyme preparations, 
no H,0, is lost in side reactions, whereas with horseradish 
extract the sum of the O, and N, outputs was less than 
theoretical (Kenten & Mann, 1949). Calculation from the 
N, output showed that the yield of manganipyrophosphate 
was 30-82% of theory. Under the conditions used 10 yg. 
horseradish peroxidase of P.Z. 105 gave about 460yg. 
Mn,0,. Control experiments gave no evidence of any 
significant manganese oxidation when either peroxidase or 
p-cresol was omitted from the reaction mixtures. Since the 
purity of the peroxidase preparation was only of the order 
of 10% (Keilin & Mann, 1937; Theorell, 1942), it is apparent 
that an active manganese oxidizing system can be obtained 
at very low peroxidase concentrations. 

The effect of variation in p-cresol concentration. An active 
system can also be produced with a few yg. of p-cresol 
provided the concentration of peroxidase is sufficient. This 
is shown by the results of Table 4. Here 0-85 mg. of horse- 
radish peroxidase of P.Z. 210 was used and the p-cresol was 
varied from 0 to 20 yg. The rate of evolution of O, increased 
with increasing p-cresol concentration. The output was 
complete in 3 min. with 20yg., and in 15 min. with l yg. 
p-cresol. The total O, output decreased with increasing 
p-cresol concentration and varied from 61 to 17% of the 
theoretical output over the range 1-20yg. p-cresol. As 
noted in the previous experiment the decrease in O, output 
was associated with manganipyrophosphate accumulation, 
shown by the relative intensities of the pink colorations and 
by the subsequent gas outputs on adding hydrazine. The 
sum of the O, and N, outputs was again close to that 
required by theory. In control experiments a comparatively 
small N, output was obtained when either p-cresol or Mn++ 
was omitted. These control values were greater than in the 
previous experiment (Table 3), and seem to be associated 


Table 3. Effect of variation in the peroxidase concentration on 
the accumulation of manganipyrophosphate 


(Reaction mixtures consisted of 0-2 ml. of 0-5m-MnSQ, (i.e. 5500ug. of Mn++), 0-3 ml. of 0-1M-p-cresol and varying 
amounts of horseradish peroxidase of P.Z. 105 in 0-5m-pyrophosphate at pH 7. Gas space, N,. 0-2 ml. of 0-05m-H,O, was 
added from the sidearm and the O, output measured. When the O, output stopped the manometers were regassed with N, 
and 0-2 ml, saturated aqueous N,H,, H,SO, was added from the second sidearm and the N, output measured after 10 min.) 


Complete system 


Controls 


SSS Te 
p-Cresol 


eo ne  —_ Mn omitted omitted 
Peroxidase of P.Z. 105 added (ug.) 0 10 20 40 80 160 160 160 
O, output (pl.) —0-6 76 65-7 51-8 38-4 23-6 -15 1-6 
N, output* (yl.) 3°5 32-4 49-7 59-5 73-4 87-6 1-0 8-8 
0, +N, output (pl.) _ 108-4 115-4 111-3 111-8 111-2 _ _— 
Theory for O, +N, outputt (yl.) — 107-0 107-0 107-0 107-0 107-0 — _ 


* Corrected for 105% recovery (see Kenten & Mann, 1949). 
+ Half O, output obtained by adding the H,O, used to excess hydrated MnO, in n-H,SO,. 
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with the larger amounts of peroxidase used. It must be 
remembered, however, that in the complete systems all the 
H,0, was used up in the first half of the experiment, where- 
as most of the controls contained residual H,O, and part of 
the output observed on adding hydrazine may have been 
due to partial decomposition of this H,O,. Calculations 
from the N, outputs showed that the yield of manganipyro- 
phosphate was 37-82% of theory. Under the conditions 
used 1 yg. p-cresol gave 605 pg. Mn,O,. These results support 
the hypothesis that the phenolic substrate undergoes a 
cycle of oxidation and reduction during the oxidation of 
manganese in this system. 
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were calculated as Mn,0, from the N, outputs and are 
plotted against the molar concentration of the H,O, used 
(Fig. 1). The amounts of manganipyrophosphate which 
accumulated increased with increasing H,O, concentration 
up to 0-003m; further increase in H,O, concentration caused 
little increase in manganipyrophosphate accumulation. The 
accumulated manganipyrophosphate calculated as a per- 
centage of that theoretically possible, decreased with in- 
creasing H,O, concentration from 80% at 0-0017M-H,0, to 
30% at 0-0066m-H,O,. This suggests that at sufficiently 
low H,0, concentrations all the H,O, would be used in the 
accumulation of manganipyrophosphate. 


Table 4. Effect of variation in the p-cresol concentration on the accumulation of manganipyrophosphate 


(Reaction mixtures consisted of 0-85 mg. horseradish peroxidase of P.Z. 210, 0-2 ml. 0-5m-MnSQ, (i.e. 5500 ug. of Mn*+) 
and varying amounts of p-cresol as below in 0-5M-pyrophosphate at pH 7. Gas space N,. 0-2 ml. of 0-05m-H,O, was added 
from the sidearm and the O, output measured. When the O, output stopped the manometers were regassed with N, and 
0-2 ml. saturated aqueous N,H,, H,SO, was added from the second sidearm and the N, output measured after 10 min.) 


Controls 
Complete system Mn Peroxidase 
omitted omitted 

p-Cresol added (pg.) 0 1 2 5 10 20 20 20 

O, output (pl.) 9-0 71-5 60-8 43-0 26-3 19-7 9-3 0-6 
N, output* (yl.) 11-5 42-8 56-3 75:7 88-6 95-7 11-0 4-1 
0, +N, output (pl.) 1143 «117-1 —sd8-7)—ssd1149—sd1: 4 = = 
Theory for O,+N, output (yl.) oS 116-5 116-5 116-5 116-5 116-5 _— — 


* Corrected for 105% recovery (see Kenten & Mann, 1949). 


+ Half O, output obtained by adding the H,O, used to excess hydrated MnO, in n-H,SOQ,. 


The effect of variation in the hydrogen peroxide concentra- 
tion. This was studied in N,, reaction mixtures containing 
40g. horseradish peroxidase of P.Z. 105, 0-01m-p-cresol, 
5500 wg. MnSO, in 0-5m-pyrophosphate at pH 7. H,O, was 
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Fig. 1. The effect of variation in the H,O, concentration on 
the accumulation of manganipyrophosphate; O—O as 
pg. Mn,0;; @—@ as percentage yield of Mn,O, based on 
H,O, added. Pyrophosphate buffer at pH 7 and 5500 yg. 
Mn++, 


added from the sidearm to give initial concentrations of 
0-0017-0-0066 mM, and the O, output measured. When the O, 
output stopped, the manometers were regassed with N, and 
0-2 ml. saturated aqueous N,H,, H,SO, was added from the 
second sidearm and the N, outputs measured after 10 min. 
The sum of the O, and N, outputs was close to that required 
by theory. The amounts of manganipyrophosphate formed 


Experiments in orthophosphate: the decomposition 
of hydrogen peroxide by peroxidase systems in the 
presence of Mnt+ 


It has previously been shown that under condi- 
tions where a stable manganic complex cannot be 
formed the manganese oxidation product reacts 
stoicheiometrically with H,O,, and the oxidation of 
manganese can be followed manometrically by ob- 
servation of the decomposition of H,O,. The oxida- 
tion of manganese by horseradish extracts and by a 
peroxidase preparation in presence of p-cresol has 
already been followed in this way (Kenten & Mann, 
1949). 

In the above accumulation experiments it was 
necessary to use a comparatively high concentration 
of Mn++. In the following experiments, where the 
decomposition of H,O, served as a measure of the 
oxidation of manganese, the properties of the system 
could be studied at manganese concentrations 
approaching those likely to be present in vivo. 


The activity of different phenolic substrates. The activity of 
some of the phenolic substrates previously tested colori- 
metrically (Table 1) has been studied manometrically. The 
results obtained with phenol, o-cresol, catechol, resorcinol, 
and caffeic acid are shown in Fig. 2. 

Reaction mixtures consisted of 20yug. horseradish per- 
oxidase of P.Z. 105, 55 ug.Mn*+, and 0-001 M-phenolic sub- 
strate in 0-033M-orthophosphate at pH 6-5. After equili- 
bration 0-2 ml. 0-05m-H,O, was added from the sidearm. 
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A rapid evolution of gas was observed with phenol, re- 
sorcinol and o-cresol. This output was complete in about 
10 min. with phenol and resorcinol and in 30 min. with 
o-cresol. The theoretical output for complete decomposition 
of the H,0, used was 1091. O,. The outputs observed in 
presence of phenol, resorcinol and o-cresol were 108, 87 and 


120 


ee 


O, output (pl.) 
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Fig. 2. The activity of different phenolic substrates in the 
oxidation of manganese by peroxidase and H,0,, 
demonstrated by the catalatic activity produced. Ortho- 
phosphate buffer at pH 6-5 and 55yg. Mn++. x—-x, 
phenol; [J—(, resorcinol; O—O, o-cresol; A—A, 
catechol; @—®, caffeic acid. The dotted line shows the 
theoretical output. 


102 ul. O, respectively. With catechol and caffeic acid no 
significant output was observed. Pyrogallol, quinol and 
tyrosine were also tested and showed slight uptakes of 
12, 4 and 4,1. O, respectively in 40 min. Owing to the low 
solubility of tyrosine 3 mg. of solid was weighed into the 
vessel. The substrates whose presence led to a rapid decom- 
position of the H,OQ, wore those previously found to give 
positive colorimetric tests for manganese oxidation 
(Table 1). 

The effect of variation in phenol concentration. The effect of 
variation in phenol concentration was studied over the range 
0-00033-0-02M in 0-033M-orthophosphate at pH7 using 
55 yg. Mn++ and 20yg. horseradish peroxidase P.Z. 105. 
On adding 0-2 ml. 0-05m-H,0, a rapid evolution of O, took 
place in all vessels; it was complete with the higher phenol 
concentrations in about 5 min. Attempts to slow down the 
rate of reaction at the higher phenol concentrations by 
using less peroxidase gave erratic results. With the lower 
phenol concentrations, where the reaction was sufficiently 
slow for several 3 min. readings to be taken, a plot of O, 
output against time showed a linear relationship between 
these quantities until about 85% of the H,O, had been de- 
composed. The straight lines so obtained when extrapolated 
did not pass through the origin but cut the time axis at 
about 1 min. Consequently the O, outputs after 3 min. have 
been plotted against phenol concentration in Fig. 3. The 
curve shows that a maximum velocity was reached at about 
0-007m-phenol. At this concentration an output of 83 yl. 
0,/3 min. was obtained with 20 ug. peroxidase of P.Z. 105, 
giving a Qo, of 83,000 ul./mg. dry wt./hr. Pure peroxidase 
under these conditions would therefore give a Qo, of about 
1,000,000. The total O, outputs were close to theory in all 
cases (Table 5). 
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With 3 ml. of 0-007m-phenol the introduction of one 
oxygen atom per molecule of phenol requires 235-2 yl. O,. 
It is clear, therefore, that no significant amount of the 
phenol can finally have been present in the dihydric or 
higher oxidation forms. In agreement with this the contents 
of the flasks remained colourless at the end of the experi- 
ment. 


100 
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Fig. 3. The effect of variation in phenol concentration on 
the oxidation of manganese by peroxidase and H,Q,. 
Orthophosphate buffer at pH 7 and 55 yg. Mn*+. 


Table 5. Decomposition of H,O, by horseradish per- 
oxidase and MnSO, in presence of varying concen- 
trations of phenol 


(Reaction mixtures consisting of 20yg. horseradish 
peroxidase of P.Z. 105, 55yg. Mn*+, in 0-033M-ortho- 
phosphate at pH 7, and varying amounts of phenol as 
below. 0-2 ml. of 0:05m-H,O, was added from the sidearm 
and the O, output measured. Theoretical output for com- 
plete decomposition of H,O, 111-51. O,.) 


Total O, output 


Concentration of Time Vol. of O, 

phenol (m) (min.) (pl.) 
0 40 6 
0-00033 30 105 
0-00133 10-15 110 
0-002 10 110-5 
0-0033 10 109 
0-01 5 107 
0-02 5 109-5 


The effect of variation in the peroxidase concentration. 
Reaction mixtures consisted of 0-001m-phenol and 22 yg. 
Mn++ in 0-033Mm-orthophosphate at pH7 and varying 
amounts (5-1500 yg.) of horseradish peroxidase of P.Z. 105. 
The evolution of O, on adding the H,0, is plotted in Fig. 4. 
As the peroxidase added was increased from 0 to 80 yg. the 
rate of O, output increased and the total output, where it 
was reached in the experimental time, was theoretical. 
Further increases in peroxidase concentration up to 1500 ug. 
caused a progressive decrease in the total O, output. Thus 
with 150, 500 and 1500yg. peroxidase the total outputs 
were 93, 83 and 67% of theory, respectively. The reaction 
mixtures which contained the lower concentrations of 





enzyme remained colourless at the end of the experiment, 
showing that the rate of reduction of the effective phenol 
oxidation product by the manganese is of the same order as 
its rate of formation. The reaction mixtures which contained 
the higher enzyme concentrations, producing a lower O, 
output, were brown in colour and contained a black pre- 
cipitate. Under these conditions the rate of oxidation of the 
phenol is faster than the rate of reduction of the oxidation 
product by the manganese, and phenol oxidation products 
accumulate. 
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An active system can be demonstrated with a few 
pg. of peroxidase preparation or phenolic substrate. 
Decrease in the H,O, concentration favours accumu- 
lation of the manganese oxidation product, and the 
results suggest that by coupling with a system such 
as hypoxanthine-xanthine oxidase, which would 
provide a constant supply of H,O, at very low con- 
centration, all this H,O, could be used in the forma- 
tion and accumulation of manganese oxidation pro- 


eo é\ 


25 30 35 40 45 





Time (min.) 


Fig. 4. The effect of variation in the peroxidase concentration on the oxidation of manganese. Orthophosphate buffer 
at pH 7 and 22g. Mn++. Peroxidase added (P.Z. 105), @©—@, 1500yg.; x—x, 500ug.; O—O, 150yug.; A—A, 
80pg.; +—+, 10ug.; @—@, 5yug. Controls: A—A, 80yug. peroxidase, Mn omitted; JJ—[, 80g. peroxidase, 
phenol omitted. The dotted line shows the theoretical output. 


The effect of several hydrogen peroxide additions. In 
previous experiments the oxidation of manganese by the 
system has been limited by the amount of H,O, added. 
When this H,0, has been used up an active system can again 
be produced under suitable conditions by further addition 
of H,O,. In one experiment in orthophosphate, three 
additions of 0-05m-H,O, were made to an active system; the 
second and third additions were made after the output from 
the previous additions had stopped. All the H,O, was 
rapidly decomposed, although some falling off in activity 
was observed with the third addition. The total O, output 
was only slightly less than that required for complete de- 
composition of the H,O, added. 


DISCUSSION 


It is now clear that peroxidase preparations from 
horseradish and turnip in the presence of certain 
phenolic substrates and H,O, can oxidize manganese. 


duct. When the oxidation of manganese is followed 
manometrically by the decomposition of H,O,, 
under suitable conditions the rate of reaction re- 
mains constant for 10 min. or longer, possibly owing 
to the fact that phenolic oxidation products do not 
accumulate. It may be possible, therefore, to de- 
velop a manometric method of peroxidase estimation 
based on this reaction, alternative to that of Ettori 
(1949). 

The results of the present work support the hypo- 
thesis previously advanced that the manganese 
reduces an intermediate oxidation product of the 
phenolic substrate and thereby is itself oxidized. 
This involves the substrate in a cycle of oxidation 
and reduction. Provided sufficient manganese is 
present the accumulation of phenolic oxidation pro- 
ducts is prevented. The catalytic activity of the 
phenolic substrate is demonstrated by the fact that 
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under suitable conditions 1 ug. p-cresol produced 
605 pg. Mn,O;. 

It is well known that quinones formed by the 
action of polyphenol oxidase can bring about 
secondary oxidations, e.g. coenzyme I (Dixon & 
Zerfas, 1940), coenzyme II (Kubowitz, 1937), 
ascorbic acid (Robinson & Nelson, 1944), amino- 
acids (Happold & Raper, 1925; James, Roberts, 
Beevers & De Kock, 1948). Evidence has been pre- 
sented that tyrosinase may act as a terminal oxidase 
in plant respiration, the quinone acting as a hydrogen 
acceptor (e.g. Boswell & Whiting, 1938; Baker & 
Nelson, 1943). In this connexion Robinson & Nelson 
(1944) point out that if insufficient hydrogen donors 
are present the quinones give rise to inactive melanin 
products. Similarly, with the manganese oxidizing 
system, if insufficient manganese is present to 
reduce the intermediate oxidation product, more 
highly oxidized inactive products are formed. 

The nature of the effective phenolic oxidation 
product is not yet clear. Of the phenolic substrates 
so far tested monohydric phenols and resorcinol 
alone have been shown to bring about manganese 
oxidation. It is possible that the oxidation of man- 
ganese is brought about by the system with dihydric 
and trihydric phenols as substrates, but that in these 
cases the oxidized manganese is rapidly reduced by 
the phenolic substrates. 

Preliminary attempts to demonstrate manganese 
oxidation with o-benzoquinone, or with tyrosinase 
in presence of p-cresol have been unsuccessful. If the 
oxidation with the peroxidase system were brought 
about by the reduction of o-quinones to dihydric 
phenols, part of the oxygen of the H,O, would be 
finally present in the dihydric phenol. But pro- 
vided sufficient manganese is present to reduce 
the active phenolic oxidation product, all of the 
H,O, is utilized in the oxidation of manganese. 
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This suggests that the active oxidation product is 
reduced back to the monohydric phenol. Further 
work is necessary to elucidate the mechanism of the 
reaction. 

If, as postulated, the oxidation is brought about 
by reaction between phenolic oxidation product and 
divalent manganese, such a reaction would be un- 
specific for the reductant. It is possible that other 
inorganic and organic substances may be oxidized by 
the system peroxidase + phenolic substrate + H,O,. 
Elliot (1932) has investigated the oxidations cata- 
lysed by peroxidase in the presence of H,O,, but 
little work appears to have been done on the secon- 
dary oxidations brought about by the complete 
system, although it has been shown to oxidize 
ascorbic acid (e.g. Szent-Gyérgyi, 1928; Tauber, 
1936; Huszak, 1937). The oxidizing capabilities of 
the system are under investigation. Preliminary 
results suggest that it can oxidize ferrocyanide to 
ferricyanide. 


SUMMARY 


1. Plant peroxidase preparations from horseradish 
and turnip in the presence of certain phenolic sub- 
strates and hydrogen peroxide have been shown to 
oxidize manganous salts. 

2. Oxidation of manganese could be demonstrated 
with phenol, p-cresol, o-cresol and resorcinol as the 
phenolic substrate, but not with quinol, catechol, 
pyrogallol and caffeic acid. 

3. The effect of variation in the concentrations of 
peroxidase, phenolic substrate, and hydrogen per- 
oxide have been studied. An active system could be 
demonstrated with 1 yg. of p-cresol. 

4. The results are in agreement with the hypo- 
thesis previously advanced that the manganese 
reduces an oxidation product of the phenolic sub- 
strate and thereby is itself oxidized. 
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It has been shown (Butler, Dodds, Phillips & 
Stephen, 1948) that insulin is split by the action of 
chymotrypsin into a number of peptide fragments of 
molecular weight about 800 (hereinafter referred to 
as the filtrate), and a large residue (hereinafter 
referred to as the core), which has a molecular weight 
between 4000 and 5000. A more accurate determina- 
tion of the diffusion coefficient of the core material 
has been kindly made by Dr K. O. Pedersen of the 
Physico-Chemical Institute, Upsala, who has ob- 
tained at 20° the figures 
D,=18:6x10-", D,=18-3x 10-, 

corresponding to a molecular weight of approxi- 
mately 5000, assuming a spherical and unhydrated 
molecule. Details of this and further determinations 
will be published later by Dr Pedersen. In this paper 
we record further experiments on the nature of the 
residual core. 

In the work cited, it was found that the extent of 
the hydrolytic splitting, before it became very slow, 
varied markedly with the concentration of enzyme 
used (Butler et al. 1948; Fig. 1). With the smaller 
concentrations of enzyme the action becomes a slow 
one when only about 30% of non-protein nitrogen 
has been formed, and even after long-continued 
action of the enzyme the extent of splitting is not so 
great as with the larger enzyme concentrations. This 
kind of behaviour is probably due to inhibition of the 
enzyme by the products of reaction, the action being 
slowed up at an earlier stage with the smaller enzyme 
concentrations than with the larger. Since the size 
of the residual molecule produced would appear to 
depend on the enzyme concentration, we have 
examined this point in greater detail. 

The core has also been oxidized by the method of 
Toennies & Homiller (1942), as employed by Sanger 
(1947, 1949) on insulin, and it has been shown that 
three or four separate cysteic acid peptides are 
formed, which are believed to be derived from the 
chains united by 8.8 linkages in the core itself. The 
dinitrophenyl derivative of the core has been pre- 
pared and its terminal amino-acids identified. 

In view of the suggestion by Bergmann & Fruton 
(1941), recently confirmed by Kaufman, Neurath & 
Schwert (1949), that chymotrypsin acts on peptide 
bonds in which the carboxyl group is that of an 
aromatic amino-acid, a further study has been made 


of the distribution of the aromatic amino-acids 
between the core and the filtrate. The data are in 
reasonable accordance with this hypothesis. 


EXPERIMENTAL 


Preparation of the core. All the cores used were made in 
very similar ways, but breakdown of the insulin varied to 
some extent in the various preparations. The following is 
a typical preparation. Crystalline zinc insulin (5 g.), from 
ox pancreas (Boots Pure Drug Co.), was dissolved in a 
mixture of 75 ml. of phosphate buffer (1-36 g. KH,PO, and 
32-2 g. Na,HPO,.12H,O in 200 ml. water), 200 ml. water 
and 150 ml. 0:02 N-NaOH. The whole was made up to 750 ml. 
with water and filtered. The insoluble residue weighed 
36-5 mg. The filtrate was diluted to 984 ml. with water and 
the pH brought to about 8 with 1 ml. of N-NaOH; 16-3 ml. 
of chymotrypsin solution was added (=3-7 x 10-* units/ml. 
of digest) and the whole put in a bath at 25° for 26-25 hr. 
The digest was then brought to pH 5-5 with 2-4 ml. of 
glacial acetic acid. This produced a slight ppt. (unchanged 
insulin) which was filtered off (138 mg.). To the filtrate, one- 
third of its volume of n-trichloroacetic acid was added and 
the ppt. filtered after 30 min. The non-protein nitrogen 
(N.P.N.) in the filtrate was 59 % of the original total nitrogen 
(v.N.). The ppt. (2-96 g.) was then extracted with ether in a 
Soxhlet apparatus for about 48 hr. The product gave only 
a faint colour when 5 mg. were boiled with 5 ml. of 20% 
(w/v) NaOH and 2 ml. of pyridine, representing a trichloro- 
acetic acid content of less than 0-5% of the weight of solid. 
This test for trichloroacetic acid is a modification, developed 
in this laboratory by G. L. Mills (1948), of one given by 
Clarke (1928). The solid after extraction represented 60% 
of the original ppt., i.e. 35-5% of the original insulin. 

Dinitrophenyl (DNP) derivative of the core. Core (1 g.), 
containing a negligible amount of trichloroacetic acid, was 
treated with 1 g. of NaHCO, in 10 ml. of water. The mixture 
was ground up in a mortar with 1-1 ml. of 1-fluoro-2:4- 
dinitrobenzene (FDNB) dissolved in 20 ml. of ethanol, and 
allowed to stand for several days with occasional shaking. 
A yellow solid was filtered off, washed twice with water and 
ethanol, then with ether until the ether washings were 
colourless, and dried in air. This solid was suspended in 
10 ml. of 0-5N-HCl, stirred thoroughly, centrifuged down 
and dried in a desiccator. Its weight was 1-09 g. 

Direct oxidation of the core. To 500 mg. of core material, 
which still contained approximately 5% trichloroacetic 
acid, 18 ml. of formic acid and 2 ml. of H,O, (100 vol.) were 
added. After 15 min., with occasional stirring, the solid had 
dissolved. Water (20 ml.) was added, and the solution was 
concentrated to about 5 ml. in vacuo on a water bath at about 
60°, and acetone (40 ml.) added, which produced a white 
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ppt. This was allowed to settle and then filtered off through 
a sintered glass funnel, washed well with acetone and then 
ether, and dried (wt. 408 mg.). (A small amount of N, 
detected in the filtrate, was not examined further.) 

End group analysis. Four different preparations of in- 
sulin core have been examined for their terminal amino 
groups by the method of Sanger (1945). The DNP deri- 
vatives of C 11B, C 15B, C 16B and C 19B were hydrolysed 
in 6N-HCl for various times up to 17 hr. at 120-130° (oil- 
bath temperature), and the breakdown corrections given by 
Sanger applied. The amounts of DNP amino-acids, after 
separation on silica columns, were determined colorimetri- 
cally. Solutions in a 90% acetone, 10% 0-1 N-HCl solution 
(v/v) were examined in a Spekker absorptiometer using a 
dark-blue filter, and the quantities read from a graph cali- 
brated for the particular derivative. 

Determination of phenylalanine and tyrosine. Phenyl- 
alanine was determined by the Hess & Sullivan (1944) 
modification of the Kapeller-Adler nitration method, in 
hydrolysates prepared with both 5n-NaOH and 6n-HCI. 
Insulin does not contain tryptophan, so that tyrosine could 
be determined directly with the Folin-Ciocalteu (1927) re- 
agent on hydrolysates of insulin products. 

Determination of cystine. The fractions from insulin 
digests were hydrolysed with a mixture of equal volumes of 
6N-HCl and 90% (v/v) formic acid in an oil-bath at 130- 
140° for 8 hr. This method of hydrolysis was adopted after 
it had been shown to give quantitative results for insulin 
itself. Preliminary hydrolyses with 6N-HCl in the presence 
of urea and in an atmosphere of CO, (Kassell & Brand, 1941) 
gave low values for cystine in insulin. The hydrolysate was 
evaporated to dryness in vacuo, the residue dissolved in a 
known volume of water, and cystine was determined on a 
sample by the method of Kassell & Brand (1938). 

Formol titration. The progress of digestion of the insulin 
core by trypsin was followed by measuring the increase in 
the formol titration. To 1 ml. of the digest, 1 ml. of 36% 
(w/v) formaldehyde soluticn was added and the mixture 
titrated with 0-01 n-NaOH to the first pink colour of phenol- 
phthalein. 

; RESULTS 


The action of chymotrypsin on the core 


Fig. 1B shows the course of the digestion (C13) of 
insulin at pH 8-3 with chymotrypsin (3-7 x 10-* 
units/ml. prepared from crystalline chymotrypsin- 
ogen). After 46 hr., when the N.P.N. was 53%, the 
digestion had become very slow and a quantity of 
enzyme sufficient to double the original concentra- 
tion was added. In the next 48 hr. the N.P.N. rose to 
nearly 70%. This shows that the stationary state 
reached in the first 46 hr. is not due to the residue 
being indigestible, but to the inhibition or inactiva- 
tion of the enzyme. The extent of chymotrypsin 
digestion thus depends on the concentration of 
enzyme, so the size of the ‘core’ obtained might be 
expected to depend on the conditions of the digestion. 

The action of chymotrypsin on the isolated core 
was also examined. The two experiments shown 
(Fig. 1A, C) were made with a core (C 11B) which 
was the result of a 64% digestion (i.e. the core was 
36 % of the original insulin). The two experiments 
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differ only in the way the core was dissolved. In A 
the core was added to a pH 7-7 phosphate buffer, and 
0-02N-NaOH added to give pH 8-3. It was difficult 
to dissolve the core in this way. In the experiment 
shown in Fig. 1C the core was dissolved in 0-02N- 
NaOH and the pH then adjusted to 8-3. In either 
case, it is seen that an appreciable breakdown of the 
core to peptides soluble in trichloroacetic acid occurs, 


100 





Extra enzyme 


N.P.N. (% of total N) 


9 20 40 60 80 100 
Digestion time at 25° (hr.) 


Fig. 1. Action of chymotrypsin on insulin and the core of 
insulin. A, core only partly in solution; B, insulin control 
digestion; C, core completely in solution. 


the initial rate of digestion depending on the pre- 
treatment. The reaction is slow and there is no sign 
of inactivation of the enzyme after 48 hr. At this 
time fresh enzyme was added and the final result 
after 96 hr. was much the same in the two cases. The 
samples of core were then 35% digested, which is 
about the same proportion (calculated on the 
amount of core produced) as the rise of N.P.N. in 
Exp. 1B. There is no doubt, therefore, that the cores 
as usually prepared are still digestible by chymo- 
trypsin, but at a very much reduced rate. The tri- 
chloroacetic acid-soluble peptides produced during 
the digestion of insulin have been shown (unpub- 
lished experiments) to exert a mild inhibitory action 
on chymotrypsin in the presence of insulin, which 
will account in part for the rapid fall in rate of di- 
gestion of insulin by this enzyme. 


The action of trypsin on the core 


Fig. 2 shows the increase in N.P.N. when a core 
(C 16B) from insulin was digested at pH 8 with 
6 x 10-4 trypsin units/ml. of crystalline trypsin (a 
specially pure sample kindly given by Dr Northrop). 
The core could only be brought into solution by 
dissolving in a more alkaline buffer and immediately 
bringing back to pH 8. Also plotted in Fig. 2 is the 
number of bonds broken per core molecule of weight 
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5000, as determined by the increase of formol titra- 
tion. The breaking of very few bonds results in a 
great increase in trichloroacetic acid-soluble material 
(N.P.N.) and the subsequent action apparently 
achieves further breakdown of the soluble peptides 
produced. 
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Digestion time at 25° (hr.) 


Fig. 2. Action of trypsin on the core of insulin. @, per- 
centage N soluble in 0-25n-trichloroacetic acid (N.P.N.); 
x, peptide bonds broken/mol. of core of weight 5000 
(determined by formol titration). 


Previous study of the action of trypsin on insulin 
(Butler, Dodds, Phillips & Stephen, 1949) showed 
that the action was very slight. The considerable 
action reported here on a split product of insulin is in 
accord with the general experience that trypsin 
attacks denatured or degraded proteins far more 
readily than native proteins. 


The action of pepsin on the core 


The core material can only be partially dissolved 
at pH 2. Crystalline pepsin (6 x 10-* pepsin units/ 
ml.) will act on the suspension, slowly producing 
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Fig. 3. Action of pepsin on the core of insulin. Percentage 
N soluble in 0-25n-trichloroacetic acid. The break in the 
curve indicates the effect of solution of the core and 
continued digestion. 


about 20 % trichloroacetic acid-soluble nitrogen, the 
action then having stopped. Further action cannot 
be initiated by adding extra enzyme. If, however, at 
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this stage the suspension is completely dissolved by 
adding alkali and immediately bringing back to pH 2, 
the N.P.N. value is found to be very much greater. 
Such treatment of core without enzyme present does 
not produce N.P.N., so that the effect here seems to be 
the liberation of small peptides which are bound to 
the solid material of the suspension. The action of 
pepsin is shown in Fig. 3, where the broken line 
represents the conversion of the digest from a sus- 
pension to a clear solution. The maximum figure of 
trichloroacetic acid solubility was 72%, so that 
chymotryptic digestion of insulin followed by peptic 
digestion of the core of the insulin resulted in a total 
of 90% of the insulin becoming soluble in 0:25N- 
trichloroacetic acid. 


Electrophoretic examination of the core 
and its oxidation products 


The core material was dissolved in a sodium phos- 
phate buffer of pH 8-0 and ionic strength 0-13, ata 
concentration of 0-9 g./100 ml.; a small proportion 
was insoluble under these conditions and was dis- 
carded. The solution, when examined in the Tiselius 
electrophoresis apparatus, showed only one migrat- 
ing component (Fig. 4a). This evidence of homo- 
geneity, when considered with the diffusion evidence 


o  @ (0) 

Fig. 4. a, Electrophoresis of the core material C 11B. 
Ascending boundary pattern (anode limb), obtained after 
404 min. at 2-19 V./em. Migration is from left to right. 
6, the 8 anomaly. 0, Electrophoresis of the oxidized core. 
Descending boundary pattern (cathode limb), obtained 
after 130 min. at 3-25 V./em. Migration is from right to 
left. 


(p. 74) obtained on this substance, indicates [that 
the core material is probably a single molecular 
species. 

Oxidized core. This material, when dissolved in a 
sodium phosphate buffer of pH 7-0 and ionic strength 
0-20 at a concentration of 0-7 g./100 ml., gave an 
electrophoretic pattern displaying four peaks 
(Fig. 4b). As was the case with the core material, the 
solution could not be equilibrated with the super- 
natant buffer by dialysis, owing to the low molecular 
weight of the peptides, and it is accordingly possible 
that the slowest boundary, although it is rather 
large, may be due solely to an e-type of boundary 
anomaly. Allowing for this uncertainty, the electro- 
phoretic behaviour thus supports the view that the 
core consists of four peptide chains, united by 8.8 
links. 
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Terminal amino-acids of core 


Table 1 gives the results of determinations with 
four different cores, calculated as g.mol. of amino- 
acid in 5000 g. of the core, which is taken provision- 
ally as its g.mol.wt. It is seen that the terminal acid 
is mainly glycine. The correction for the decomposi- 
tion of DNP-glycine is very uncertain and may 
account for the low values obtained in some cases. 
There is a small quantity of valine, but less than 
would be expected if one peptide chain in each core 
molecule terminated in valine. This must be re- 
garded as evidence of more than one species of core. 


Table 1. Estimation of the free amino groups 
of the insulin cores 


(Groups/5000 g. insulin core.) 


Lysine 
Core ase-DNP  Dinitro- 
no. Glycine Valine derivative aniline 
C11B Present Present Absent Present 
C15B 2-5 0-4 0-5 Present 
C16B 2-4 0-3 0-2 1-2 
C19B 3-7 0:8 0-2 1-5 


It has been reported (Butler, Phillips & Stephen, 
1948) that histidine was present as a terminal amino- 
acid. This was based on the finding of a brownish 
band, running fast on a methyl ethyl ketone- 
hydrochloric acid column. However, it has since 
been noted that DNP-glycine, when heated with 
6N-hydrochloric acid gives considerable amounts of 
a coloured substance, insoluble in ether, which runs 
ahead of e-DNP-lysine like the brownish substance 
obtained from the ccres. Since all the DNP cores 
examined contain DNP-glycine, it is likely that this 
is the origin of the material in question, although 
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this is not definitely proved. A substance running at 
the same rate as 2:4-dinitrophenol has been found in 
the very fast fraction on chloroform columns, ad- 
mixed with another substance which may be 2:4- 
dinitroaniline. Dinitroaniline values are reported in 
Table 1, without correction for hydrolytic break- 
down, since they probably originate from DNP- 
histidine (substituted in the imidazole ring) and may 
thus be an index of the histidine content. DNP- 
proline has not been looked for since we have been 
unable to prevent the complete decomposition of 
DNP-proline when hydrolysed under the special 
conditions recommended by Porter & Sanger 
(1948). 


The distribution of tyrosine and phenylalanine 
in a chymotryptic digest of insulin 


Table 2 shows the distribution of phenylalanine 
between a core and the corresponding filtrate. This 
core was 38 % of the original weight of the insulin 
taken and is assumed to have a molecular weight of 
4600, while the combined weights of the filtrate 
molecules are taken as 7400. The distribution is 
approximately one molecule in the core to four or 
five in the filtrate. 

Table 3 shows the distribution of tyrosine between 
the same core and filtrate. The distribution is 
approximately three to four molecules in the core 
and five or six in the filtrate. It is to be noted that 
the value of tyrosine in insulin determined by the 
same method is rather low, so probably the true 
values for the fractions tend towards the higher 
limits. 

For both of these aromatic amino-acids, we have 
totals of four or five in the core and nine to eleven in 
the filtrate. 


Table 2. Distribution of phenylalanine between core and filtrate 


Phenylalanine-N 
Material (% of total N) 
Core C 8D 2-3 
Core C 8D 1-5 
Filtrate C 8F1 55 
Filtrate C 8F1 4-4 
Insulin 4-7* 
Insulin 5-0 


Hydrolysis Groups/mol. of 
conditions wt. stated 
18 hr., 6N-HCl 1-2/4,600 
10 hr., 5N-NaOH 0-8/4,600 
18 hr., 6N-HCl 4-5/7,400 
16 hr., 5nN-NaOH 3-6/7,400 
8 hr., 6n-HCl 6-4/12,000 
8 hr., 5n-NaOH 6-7/12,000 


* Chibnall’s (1946) value for insulin is 4-41%, equivalent to six groups/mol. of wt. 12,000. 


Table 3. Distribution of tyrosine between core and filtrate 


Tyrosine N Hydrolysis Groups/mol. of 
Material (% of total N) <aatiiee wt. stated 

Core C 8D 7-5 1 part formic acid (90% v/v) + 3-8/4,600 

1 part 6N-HCl, 10 hr. 
Core C 8D 5-9 6n-HCl, 18 hr. 3/4,600 
Filtrate C 8F1 7:7 1 part formic acid (90% v/v) + 6-3/7,400 

1 part 2N-HCl, 10 hr. 
Filtrate C 8F1 6-5 6n-HCl, 18 hr. 5-3/7,400 
Insulin 5-5* 6n-HCI, 8 hr. 7-6/12,000 


* Chibnall’s (1946) value for insulin is 6-49%, equivalent to nine groups/mol. of wt. 12,000. 








Distribution of cystine 


Two cores and the corresponding filtrates con- 
taining the smaller peptide fragments were ex- 
amined, and a third filtrate which came from a 
similar digestion. The results are shown in Table 4, 
and compared with those for insulin under identical 
hydrolysis conditions. The figures for the two cores 
C 16B, and C 19B are higher than those obtained in 
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values which were also determined. The decrease in 
the percentage of sulphur in the DNP derivative 
corresponds to an increase in molecular weight of 
1490 taking the original core as 5000, i.e. to the 
addition of nine DNP groups. On our other evidence 
there should be about nine groups in the core which 
react with FDNB, i.e. the four terminal amino 
groups, four tyrosine hydroxyl groups and some 
lysine and histidine, which are generally present. 


Table 4. Distribution of cystine between core and filtrate 


Residues of 


Percentage of : Cystine as Percentage of _— cystine/2 
original Cystine-N x 100 percentage of total per mol. 
No. Material insulin Total N original insulin cystine _ insulin (12,000) 
C19B Core 41-5 13-1 5-43 61 7 
C19F Filtrate 58-5 5-9 3-47 39 5 
C16B Core 41 14-5 5-95 67 8 
C16F Filtrate 59 4-93 2-91 33 4 
C1l¥F Filtrate 64 5-4 3-46 39 5 
—_— TInsulin* 100 9-1 9-1 — (12) 
= Insulin 100 8-5 8-5 — (12) 
= Insulin 100 9-2 9-2 — (12) 


* The value of twelve residues of cystine/2 per mol. insulin (12,000) is taken from Chibnall (1946). His value for cystine- 


N in insulin is 9-36%. 


experiments reported previously by Butler, Dodds, 
Phillips & Stephen (1948), but in these early deter- 
minations some discrepancy in the total amount of 
cystine present was also noticed. In no case was any 
cysteine found. 


The DNP derivative of the core 


The DNP derivative of the core (C 15B), examined 
by paper chromatography with phenol as solvent, 
gave a main yellow spot at R,=0-92 and a faint 
trace at R,=0-61. The DNP derivative of C 16B 
behaved similarly, the positions being 0-95 and 0-60. 
The fainter yellow spots could easily be washed off 
the paper with water, and were probably impurities 
such as dinitrophenol, but the quantity was so small 
that this was not proved. This chromatographic 
behaviour also indicates the homogeneity of the 
preparations. 

Quantitative analysis of a core and its DNP 
derivative was used as a guide to the number of 
groups in the core which had reacted with FDNB. 


Table 5. Analysis of core and 
dinitrophenyl derivative 


C16B C 16B/DNP 
Moisture (%) 6-45 4-82 
Ash (%) 5-00 0-27 
Sulphur (%) 3-76 2-90 
Nitrogen (%) 14-1 14-79 


The results, obtained by Drs Weiler and Strauss, are 
given in Table 5. The figures given for nitrogen and 
sulphur have been corrected for the ash and moisture 


The qualitative composition of the cores 


Most of the cores prepared from insulin have been 
examined qualitatively by paper partition chromato- 
graphy after hydrolysis with 6N-hydrochloric acid. 
The results are given in Table 6. 


Table 6. Qualitative amino-acid composition 
of the insulin cores 


(+, signifies present, giving a good spot with ninhydrin; 
-, indicates a weak spot; =, a very weak spot and 0, 
indicates absent.) 


Acid C11B C15B C16B C19B 
Cystine + + + + 
Aspartic + + + + 
Glutamic + + + + 
Serine > + + + 
Glycine + + + + 
Alanine + a. a £ 
Valine + + + = 
Leucines + + + + 
Tyrosine + + + + 
Histidine - af a ee 
Lysine = 0 + 0 
Arginine 0 - 0 0 
Threonine 0 = 0 0 
Phenylalanine 0 - 0 0 
Proline 0 0 0 0 


It must be noted that since lysine, arginine, 
threonine and proline are the rarest amino-acids in 
insulin, their ninhydrin spots on chromatograms 
will of necessity be weak relative to the others, and 
duplicate chromatograms have not always agreed in 
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the case of these acids, or phenylalanine. With 
phenol and butanol-acetic acid as chromatographic 
solvents phenylalanine runs with leucine, and, even 
when somewhat separated from leucine, phenyl- 
alanine always gave a poor ninhydrin reaction. 
Cystine was usually demonstrated by oxidation to 
cysteic acid just before the run. 


DISCUSSION 


The fact that the number of bonds split by chymo- 
trypsin is approximately the same as the total 
number of aromatic residues in insulin suggests that 
the specificity found by Bergmann & Fruton (1941) 
holds. On this basis, the chymotrypsin will remove 
successive peptides, each of which terminates at the 
carboxyl end with an aromatic residue. It is known, 
however, that two of the four peptide chains of in- 
sulin terminate in phenylalanine at the amino end, 
and two terminate in glycine. The terminal amino 
groups of the core no longer contain phenylalanine, 
but there is still much terminal glycine. It has also 
been found (Phillips, unpublished work), by the use 
of Sanger’s (1945) method, that the amino-acid 
residues with free amino groups in the trichloro- 
acetic acid-soluble peptides from the digest belong 
almost entirely to acids other than phenylalanine 
and tyrosine. 

The simplest picture of chymotrypsin action which 
will accommodate all these facts is shown in Fig. 5, 
where ¢ indicates an aromatic residue, i.e. tyrosine 
or phenylalanine, and the core is enclosed by the 
broken lines. The core might either contain the two 
original terminal glycines, as shown in Fig. 5a, or 
not, as in Fig. 5b. The latter structure is possible 
only if the glycine chains also contain other glycine 
residues adjacent to the aromatic residues. Sanger 
(1948a), however, has suggested that the only 
glycine residues in his glycine-terminated chains are 
the terminal ones. This has been confirmed on a 
sample of his fraction A which he kindly provided for 
us. After coupling with FDNB, no free glycine could 
be detected in the hydrolysate by paper chromato- 
graphy. The scheme (Fig. 5b) is in conflict with these 
facts, and the evidence so far obtained favours the 
view that the core is derived from residues near the 
amino ends of the original peptide chains. According 
to Sanger (1948b) at least one of the chains termi- 
nating in phenylalanine has next to it a valine 
residue, which fits in with the finding of valine as a 
terminal amino-acid of the core. The enzyme may be 
regarded as working along the chains until no more 
bonds of this type remain. The residual portion, the 
core, which as we have seen contains six or eight 
half-cystine residues, is made up of those sections of 
the original chains which remain united by these 
8.8 links. 

The slow final stage of the action of the enzyme is 
apparently either unspecific or of a different specifi- 
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city, since it must concern the breakage of some 
bonds not involving aromatic residues. Neverthe- 
less, chymotrypsin appears to provide a valuable 
method of structure analysis of proteins since these 
non-specific actions are relatively slow. 
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Fig. 5. Possible positions of the core within the insulin 
submolecule. ¢, indicates a tyrosine or phenylalanine 
residue; Gly, indicates a glycine residue; Val, indicates 
a valine residue. The free amino groups of the peptide 
chains are on the left of the diagrams. Cystine disulphide 
linkages are omitted. 


SUMMARY 


1. The core of the insulin molecule, produced by 
the action of chymotrypsin, has been further 
studied. 

2. On oxidation of the core three or four peptides 
can be distinguished by electrophoresis. 

3. Additional analyses of the distribution of 
cystine and the aromatic amino-acids have been 
made. 

4, The number of peptide bonds broken and the 
distribution of aromatic amino-acids between the 
core and the filtrate suggests that chymotrypsin 
attacks preferentially peptide bonds involving the 
carboxyl side of an aromatic residue. This is in 
accordance with the specificity observed by Berg- 
mann & Fruton (1941). 

5. The end groups of the core are mainly glycine 
with a smaller proportion of valine. The implications 
of this are discussed. 


We acknowledge with pleasure financial assistance by 
Messrs Courtaulds, Ltd., and Messrs Imperial Chemical 
Industries, Ltd., advice and assistance in characterizing 
dinitropheny] derivatives and the gift of some samples by 
Dr F. Sanger, the technical assistance of Mrs I. D. R. 
Goodwin and the interest and help of Prof. E. C. Dodds, 
F.R.S. We are also indebted to Dr K. O. Pedersen for his 
examination of the core material, details of which he is 
publishing elsewhere. 
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Studies on the Composition of Horse Oil 


1. COMPOSITION OF HORSE OIL IN RELATION TO THE DEPOT FATS 
OF OTHER PASTURE-FED ANIMALS 


By E. G. BROOKER anp F. B. SHORLAND 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 4 July 1949) 


Many investigators (cf. Schuette, Garvin & Sch- 
woegler, 1934) have determined the characteristics 
of fat from various parts of the horse, indicating in 
particular a relatively high iodine value (74-8- 
110-7) (cf. Lewkowitsch, 1922). There is, however, 
little exact information concerning the fatty-acid 
composition. Heiduschka & Steinruck (1921) de- 
duced the presence of oleic, linoleic and linolenic 
acids by the preparation of hydroxy and bromo 
derivatives, and by fractional crystallization showed 
the saturated acids to be palmitic and stearic. They 
also gave the relative proportions of the fatty acids 
present, but it is doubtful whether the methods used 
were quantitative. More recently, Schuette et al. 
(1934) confirmed the results of these investigators 
and determined the relative proportions of the acids 
by the Kaufmann (1926) thiocyanometric procedure, 
together with the ester fractionation analysis of the 
‘solid’ acids from the lead salt-ethanol separation. 
Of particular interest is the fact that these workers 
recorded the presence of 4:48 % linolenic acid; a 
result which is consistent with the yield and melting 
point of the hexabromides of horse oil recently re- 
corded by Crowell (1944). According to Bloor (1943), 
however, linolenic acid is not normally found in 
animal fats. 

It has been stated in the literature (Armstrong & 
Allan, 1924; Hilditch, 1947) that horses fed con- 
tinuously on grass lay down fat very similar to that 


of mutton or beef tallow. This, no doubt, has led to 
the general impression that horse oil contains little or 
no linolenic acid, as has been shown to be the case 
with beef and mutton tallow. 

Recently, Beadle, Wilder & Kraybill (1948) ob- 
served that rats fed on flax seed, equivalent to 6-6 % 
linolenic acid in the diet, deposit up to 27-57% of 
linolenic acid in their depot fats. In addition, they 
noted that yellow fat from hogs may contain up to 
11-4% linolenic acid. Vickery (1928), quoted by 
Banks, Hilditch & Jones (1933), found 9-0 % of lino- 
lenic acid, based on the weight of hexabromide iso- 
lated, in the perinephric fat of the rabbit. However, 
taking into consideration the fact that not more than 
one-quarter to one-third of the linolenic acid is pre- 
cipitated as ether-insoluble polybromide (cf. White 
& Brown, 1949), it may be estimated that the true 
linolenic acid content was 27-36%. From these 
results it is apparent that certain species, far from 
rapidly metabolizing the dietary linolenic acid, 
readily store considerable proportions of this acid in 
their depots. 

Further to a preliminary note published else- 
where by one of us (Shorland, 1949a), it will now be 
shown that oils from pasture-fed horses contain con- 
siderably greater proportions of linolenic acid than 
has hitherto been generally suspected, and that the 
fatty-acid composition of such oils differ markedly 
from that of beef and mutton tallow. 
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EXPERIMENTAL 
Material 


The material used in this work was obtained from horses 
killed at Auckland Farmers’ Freezing Company, South- 
down, New Zealand, during the 1946-7 season. The horses 
were of mixed origin, typically semi-draughts from 3 to 
5 years old, taken from various parts of the Auckland 
Province, and invariably pasture fed. Since the horses were 
being used for the production of canned and pickled meat 
for export, some attention was paid to the meat qualities, 
and old animals and foals were rejected. On the basis of 


Table 1. Characteristics of horse oils 
used in this investigation 


Saponifi- Free Unsaponifi- 

cation Iodine fatty acid able matter 
Oil equiv. val, (%) (%) 
Bone 283-5 99-0 1-1 0-72 
Offal 283-5 97-9 1-5 0-97 
Hoof 285-9 109-3 2-3 1-11 


a total of 786 horses killed between 28 March and 3 April 
1947 the average carcass weight was 618 Ib. (280 kg.). After 
dissection of the useful meat, the practice has been to sub- 
divide the residual carcasses into: (1) heads, trotters and 
offal; and (2) bones with indefinite amounts of adhering 
flesh and meat trimmings, giving respectively ‘offal oil’ and 
“bone oil’. (The ‘ bone oil’ was thus not solely from bone but 
admixed on the average with 1-44 parts of oil from the meat 
trimmings.) On the average there has been obtained 
4-00 gal. (18 1.) of bone oil and 1-33 gal. (6 1.) of offal oil per 
carcass, but the yield has been obviously affected by the 
condition of the horse. The bone and offal oils used in this 
work were representative of the season’s production, com- 
prising approximately 2000 horses. In addition, a sample of 
hoof oil was separately steam-rendered for us from a line of 


COMPOSITION OF HORSE OIL 81 


sixty-five horses killed on 7 November 1947. The character- 
istics of the oils used in this investigation are given in 
Table 1. 

Methods and Results 


The fatty-acid composition was determined essentially as 
described by Shorland & De la Mare (1945), but using the 
fatty acids in place of the methy] esters for the cold acetone 
separation at —30°. The esters were fractionated under a 
vacuum of approx 0-1 mm. in a column of the type de- 
scribed by Longenecker (1937). Duplicate analyses of the 
bone oil were made on 750g. samples, using a 100 cm. 
column. For the hoof oil and the offal oil respectively 250 g. 
and 100g. samples were used and the fractionation was 
carried out on a 60 cm. column. To illustrate the course of 
the distillation data are given for the bone oil in Table 2. 
Percentages of the component fatty acids are given in 
Table 3. 

The composition of C,, unsaturated acids was determined 
by spectrophotometric analysis before and after alkali iso- 
merization using the procedure of Hilditch, Morton & 
Riley (1945). For the conjugated diene C,, unisomerized 
acids the E{%, 234 my. value of 1200 (cf. Hilditch & 
Jasperson, 1945) was used. The results are shown in 
Tables 4 and 5. 

Bromination of 11-04 g. acids from fraction L9 in ether 
at 0° yielded 1-57 g. ether-insoluble bromides, m.p. 180-5° 
(not depressed on admixture with an authentic specimen of 
hexabromostearic acid, m.p. 181°). (Found: C, 28-6, 28-5; 
H, 4-2, 4-2. Calc. for C,,H,,0,Br,: C, 28-5; H, 40%.) From 
the ether-soluble fraction there was obtained 0-48 g. light 
petroleum insoluble bromides which charred at 167° and 
melted indefinitely at 172°. 

In order to determine the proportions of fully saturated 
glycerides the bone oil (100 g.) was recrystallized three times 
from acetone (15 ml./g., based on the original weight) at 
—30° and then three times at 0° yielding 1-4 g. insoluble 
glycerides, iodine val. 24-0. If it is assumed that the un- 


Table 2. Fractionation of the methyl esters of horse ‘bone’ oil 


Methy] esters of ‘liquid’ acids 
(Weight fractionated 505-0 g.) 


Fraction Wt. Sap. Todine val. 
no. (g.) equiv. (Wijs 1 hr.) 
Ll 6-05 232-1 14-3 
L2 19-11 244-9 19-4 
L3 22-77 267-1 74-9 
L4 28-24 277-7 104-0 
L5 17-14 277-8 101-9 
L6 54-11 289-4 135-6 
L7 53-69 289-4 140-0 
L8 37-20 292-2 141-2 
L9 60-31 293-9 148-5 
L10 33-87 293-9 148-3 
Lil 61-16 294-0 149-9 
L12 39-28 294-3 150-4 
L13 35°31 294-4 152-6 
LR* 37-44 324-2 151-2 

Total 505-68 


Methyl esters of ‘solid’ acids 
(Weight fractionated 209-2 g.) 


Fraction Wt. Sap. Todine val. 
no. (g.) equiv. (Wijs 1 hr.) 
Sl 9-96 262-1 1-1 
$2 32-14 267-6 1-1 
83 23-18 269-3 1-1 
84 24-87 269-3 1-1 
85 17-84 269-8 1-2 
86 15-17 269-7 1-3 
87 35-03 272-4 3-0 
88 31-15 283-3 9-7 
S89 9-92 295-8 14-6 
SRT 10-36 322-6 —- 

Total 209-62 


* Liquid residues (non-volatile). For esters in this fraction, excluding non-saponifiable matter; saponification equiv., 


298; iodine val., 138-8. 


+ Solid residues (non-volatile). For esters in this fraction, excluding non-saponifiable matter; saponification equiv., 


300-1; iodine val., 17-54. 
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Table 3. Component fatty acids of horse oils 


(Values in parentheses are mean unsaturations, i.e. number of H atoms short of saturation.) 


Saturated 


(a) Weight percentages 


Bone 0-2 3-1 25:3 4-1 0-1 


0-2 2-6 25-0 5-1 _ 
Offal _— 1-1 27-4 1-7 —_ 
Hoof _ 0-8 17:9 2-5 0-7 


(b) Molecular percentages 


Bone 0-3 38 27:3 4-0 0-1 

0-2 31 27-1 5-0 _ 
Offal — 14 29-6 1-6 _ 
Hoof — 10 19-5 2-4 0-6 


saturation is due to oleopalmitostearin (iodine val. 29-6), it 
will be seen that the fully saturated glyceride content is less 
than 0-3%. Oxidation of 50 g. by the method of Hilditch 
& Lea (1927) yielded 0-57 g. of unoxidized product, iodine 
val. 5-4, corresponding to a fully saturated glyceride content 
of less than 1-8%. 


Table 4. Spectrophotometric analyses of Cy, 
unsaturated acids of horse ‘bone’ oil 


Isomerized Isomerized 

Unisomerized (170°, (180°, 

Hix 15 min.) 60 min.) 
Fraction ———~-—___ E}%, El%, 

no. 234mp. 268mp. 268 my. 234 mu. 
L9 8-7 0-6 168-5 263-8 
Lil 29-3 2-4 160-2 289-5 
L12 14:5 0-6 166-2 237-9 
L13 26-2 1-3 185-1 278-5 

DISCUSSION 


The oils used in this work were from pasture-fed 
horses, and it is therefore interesting in assessing the 
influence of dietary fat on the depot fats to consider 


Unsaturated 
nh 
Cis Cys Ci6 Cis Coo 
Trace 0-6 8-3 57-6 0-7 
(-2-0H) (-20H) (-35H) (-40H) 
Trace 0:8 7-8 57-2 1:3 
(-2:0H) (-20H) (-3-5H) (-4-0H) 
Trace 0-8 10-5 56-8 1-7 
(-2-0H) (-20H) (-3-4H) (-4-0H) 
Trace 0-6 18-8 56-3 2-4 
(-20H) (-2-0H) (-35H) (-4-0H) 
Trace 0-7 9-0 54-2 0-6 
(-20H) (-2:0H) (-3-5H) (-4-0H) 
Trace 1:0 8-5 53-9 1-2 
(-2:0H) (-20H) (-3:5H) (-40H) 
0-9 11-5 53-4 1-6 
(-20H) (-2-0H) (34H) - (-40H) 
0-7 20-5 53-1 2-2 
(-2:0H) (-20H) (-3:5H) (-4-0H) 


the fatty-acid composition of other pasture-fed 
animals. Comparative figures are given in Table 6. 

It will be seen that while the fatty-acid composi- 
tions of the ox and sheep depot fats are similar and 
agree with the findings of other workers (ef. Hilditch, 
1947), they bear little resemblance to that of the 
pasture glycerides. The horse and rabbit fats have a 
fatty-acid composition like that of the pasture fat, 
but still retaining greater proportions of palmitic 
acid to conform approximately with the 30+ 3 mol. 
% characteristic of animal body fats (Hilditch, 
1949). The absence of more than traces of fully 
saturated glycerides in horse oil agrees well with 
Hilditch’s (1949) view that the glycerides of animal 
body fats are a special case of ‘even’ distribution in 
which an animal fat containing little or no stearic 
acid has negligible proportions of fully saturated 
glycerides. Considering the unsaturated acids, it is 
not possible to comment on the proportions of the 
lower unsaturated acids in rabbit fat since the 
analysis was not made by the more modern tech- 
niques. The pentadecenecarboxylic acid content of 


Table 5. Component acids of fractions of horse ‘bone’ oil 


(All percentages are w/w.) 


Heptadecadienecarboxylic 
—— 


Non- Non- 

Fraction conjugated Conjugated conjugated 
no, (%) (%) (%) 
L9 8-3 0-7 31-7 
Lil 9-8 2-2 29-7 
L12 5-6 1-6 31-1 
L13 6-0 2-2 34:5 





Heptadecatrienecarboxylic 


Todine value 
Oleic (by (methyl esters) 
Conjugated _ difference) 
(%) (%) Calc. Found 
Trace 59-3 149-0 148-5 
0-5 57-8 _ 149-1 149-9 
Trace 62-2 145-9 150-4 
0-2 57-1 153-5 152-6 
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horse oil (8-3%) is, however, rather greater than 
found in pasture fats or in beef and mutton tallow. 
Information concerning the exact composition of the 
C,, unsaturated acids of pasture fat is still lacking. 
It is almost certain, however, that oleic acid is a 
minor constituent. Smith & Chibnall (1932) in- 
vestigated the fatty acid of cock’s-foot and ryegrass 
glycerides, and showed by bromination and by 
oxidation with alkaline permanganate (Lapworth & 
Mottram, 1925) that the unsaturated constituents 
comprised approximately two-thirds heptadecadi- 
enecarboxylic acid (isomeric with linoleic) and one- 
third linolenic acid. The absence of dihydroxystearic 
acid after oxidation suggested that not more than 
traces of oleic acid were present in the original acids. 
Shorland (1945), using low-temperature crystalliza- 
tion followed by alkaline permanganate oxidation, 
obtained traces of dihydroxystearic acid equivalent 
to 0-6 % of oleic acid in the total fatty acids. On the 
other hand, although Hilditch & Jasperson (1945) 
_. did not isolate oleic acid from pasture-grass fat, they 
» = estimated the following composition for the total 
~ fatty acids, using the iodine value and spectrophoto- 
'' metric measurements before and after alkali iso- 
merization: saturated 0-7, oleic 32-4, heptadecadi- 
= enecarboxylic 14-5 and heptadecatrienecarboxylic 
>o¢ 52-4 %. The value for oleic acid, however, is probably 
“<1 too high, since no allowance is made for the presence 
~ of C,, and C,, monoethenoid acids. It may also be 
calculated from the mean unsaturation of the C,, 
= acids (Shorland, 1945, 19496) of glycerides from 
& _-cock’s-foot (— 5-1 H), ryegrass (— 5-4 H) and white 
| clover (— 5-4 H), that the maximum oleic acid con- 
_ _ tent would not exceed 22-5, 15 and 15 %, respectively 
= assuming linolenic and oleic acids only to be present. 
oa On the other hand, it is almost certain that some 
. heptadecadienecarboxylic acid would also occur, so 
that the proportion of oleic acid in New Zealand 
pasture, which, on the more highly productive 
farms, comprises mostly ryegrass and white clover, 
would be very small indeed. 

In beef and mutton tallow nearly all the C,, un- 
saturated acids are monoethenoid (mainly oleic 
acid), and it is somewhat doubtful whether linolenic 
occurs in these fats, though from the work of Knight, 
Jordan & Swern (1946) it is possible that the traces 
of ether-insoluble bromides (m.p. 170—174°), which 
they found in beef tallow may represent impure 
hexabromostearic acid. 

In the present work, the bromination data to- 
gether with the spectrophotometric analysis of the 
alkali-isomerized acid show that the C,, unsaturated 
acids of horse oil contain considerable proportions, 
about 30%, of triethenoid acids (mainly linolenic), 
and about 9 % of a diethenoid acid, which, from the 
melting point of light petroleum-insoluble bromides 
is not linoleic acid. The remaining acids are mono- 
ethenoid, presumably mainly oleic acid, according to 
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Table 6. Comparison between dietary fats of pasture-fed animals 


4:0 
2-6 
1-5 


(Proportions of acids are given in % (w/w). Values in parentheses are mean unsaturations.) 
Cys 
21-6 
22-2 
4-1 


Saturated 
Cie 
27-8 
25-0 
25:3 
23-0 
1-4 11-2 
3°3 9-4 
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Cis Cig 
— 2-7 
35 
3-1 
45 


Ox 

Sheep 

Horse 

Rabbit 
Cock’s-foot 
Mixed pasture 


6-2 
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the results of the previous workers (cf. Heiduschka 
& Steinruck, 1921). 

The hoof oil from the horse compared with the 
depot fat shows much the same variations as in the 
case of the ox, where the hoof oil (neat’s-foot oil) is 
distinguished from the depot fat by its lower content 
of palmitic acid which is compensated for by in- 
creased proportions of pentadecenecarboxylic acid. 
In both the horse and the ox the composition of the 
C,, unsaturated acids is approximately the same in 
the hoof oil as in the depot fat (cf. Hilditch & 
Shrivastava, 1948). In the ox the depot fats are 
rich in stearic acid, while neat’s-foot oil contains 
only minor proportions of this constituent. In the 
horse the depot fats contain little stearic acid, as 
does the hoof oil. 

Hilditch & Jasperson (1944) recently examined 
the fatty-acid composition of milk fat from a mare on 
a pasture diet, and noted the unusual composition 
(for a milk fat) of the C,, unsaturated acids which 
comprised 38% heptadecatrienecarboxylic (lino- 
lenic acid), 44% heptadecadienecarboxylic (not 
linoleic) and 18 % heptadecenecarboxylic acid. They 
suggested that: ‘Perhaps similar factors which lead 
to the presence of a small proportion (2%) of lino- 
lenic acid in the body fat of the horse (Heiduschka & 
Steinruck, 1921) also influence the appearance of this 
acid in the milk fat.’ However, from the results of 
the present work it is clear that horse depot fat does 
in fact contain appreciable proportions of linolenic 
acid, about 20 %, and the presence of this acid in the 
milk fat on this basis is, therefore, to be expected. 

In considering reasons for the difference in fatty- 
acid composition between the depot fats of pasture- 
fed animals it may be speculated that in ruminants, 
such as the ox and sheep, linolenic acid is largely 
destroyed in the rumen during prolonged digestion. 
Some linolenic acid, however, must enter the blood- 
stream, since Kelsey & Longenecker (1941) have 
found 9-2 % of the fatty acids combined as cholesterol 
esters in cow’s blood comprise linolenic acid, and in 
addition, Hilditch & Shorland (1937) deduced the 
presence of linolenic acid in the glycerides and phos- 
phatides of sheep liver by isolation of hexabromo- 
stearic acid (m.p. 175-176°, not depressed by the 
addition of authentic hexabromostearic acid). On 
the basis of the weight of hexabromostearic acid 
isolated, and allowing for the fact that only one- 
third to one-quarter of the linolenic acid is precipi- 
tated as ether-insoluble polybromide, it may be 
estimated that linolenic acid comprised 3-9—5-2 % of 
the total fatty acids. It is interesting that no lino- 
lenic acid was found in ox liver, and this may indicate 
differences in metabolism between ox and sheep with 
respect to this acid. It is thus possible that, in 
ruminants, linolenic acid is either metabolized or 
hydrogenated in the body after absorption into the 
blood stream. In the case of the pig, Beadle et al. 
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(1948) have shown that large amounts of linolenic 
acid may accumulate in the depot fats, but it has not 
yet been shown that this phenomenon is not limited 
to pigs which have an unusual fat metabolism. This 
possibility is suggested from the work of Ellis & 
Isbell (1926), who found that while linoleic acid from 
soya bean diet was readily absorbed into the pig’s fat 
depots, only very small amounts, and in some cases 
none, of the dietary linolenic acid could be found in 
the depots. On the other hand, it is now perfectly 
clear that linolenic acid in the case of the rat, rabbit 
and horse is readily assimilated from the diet and 
deposited in the depot fat. The final linolenic acid 
content of the depot fats will presumably be related 
to the linolenic acid content of the diet, but other 
factors such as the rate of growth will influence the 
result. If the rate of growth is rapid (cf. Callow, 
1935) the amount of fat derived by synthesis from 
non-fatty sources will be relatively large in relation 
to the amount derived directly from the dietary fat. 
Since fat derived by synthesis from carbohydrate or 
protein does not contain linolenic acid (cf. Hilditch, 
Lea & Pedelty, 1939; Shorland & De la Mare, 1945) 
the linolenic acid content of the depot fats may be 
expected to be less in fast-growing than in slow- 
growing animals. Horse depot fat may thus be 
visualized as being made up to the extent of about 
one-third (to judge from the respective linolenic 
acid contents of the pasture and of the horse oil) 
directly from the fatty acids of the grass, and the 
remainder by synthesis from carbohydrate or by 
alteration of the dietary fatty acids. It is hoped 
shortly, by comparison of the glycerides from horse 
oil and from the pasture, to obtain evidence as to 
whether the pasture glycerides are directly incor- 
porated with the fatty depots of the horse, or whether 
the fatty acids of the pasture glycerides are re- 
arranged to give new types of glycerides. 


SUMMARY 


1. Representative commercial samples of horse 
oil from pasture-fed animals have been submitted to 
ester-fractionation analysis. Ona weight percentage 
basis, the saturated acids were found to comprise 
25% palmitic together with minor proportions 
(<5%) of stearic and myristic. The unsaturated 
acids contained minor proportions of tridecene- 
carboxylic acid, with 8-10 % pentadecenecarboxylic 
and minor amounts of Cy.) acids. The C,, unsaturated 
acids, comprising 57 % of the total, were made up of 
oleic acid 60 %, heptadecadienecarboxylic 10 % and 
heptadecatrienecarboxylic (linolenic) acid 30 %. 

2. Horse-hoof oil, as compared with the depot fat, 
contained less palmitic acid, but increased propor- 
tions of pentadecenecarboxylic acid. This relation- 
ship resembles that between the fatty acid composi- 
tion of neat’s-foot oil and of beef tallow. 
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3. The virtual absence of linolenic acid in the ox 
and sheep, as compared with its presence in quantity 
in the horse, the rabbit, and the pasture on which 
these animals feed, would indicate a difference in the 
nature of fat metabolism of these animals. 
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Bile Pigment Precursors in Normal Human Erythrocytes 


By C. GARDIKAS, J. E. KENCH anp J. F. WILKINSON 
Department of Haematology, Manchester Royal Infirmary 


(Received 4 July 1949) 


In studies on the in vitro breakdown of haemoglobin 
Lemberg, Lockwood & Legge (1941) have obtained 
evidence of the occurrence of a chromoprotein inter- 
mediate, to which they have given the name chole- 
globin. The presence of this substance in the reaction 
mixture of ascorbic acid and oxyhaemoglobin is 
revealed by the appearance of a new absorption 
spectrum, and treatment with acetic acid will then 
liberate the bile pigments, biliverdin and _ bili- 
purpurin. 

Reduced choleglobin has a well defined absorption 
band in the red at 628-630 mu., reacts with carbon 
monoxide, and can be oxidized to the ferric com- 
pound, the maximum absorption of which occurs at 


670 mu. The pigment will therefore be green whether 
oxidized or reduced. Because many of its physical 
characteristics are similar to those of haemoglobin, 
Lemberg and his co-workers have been unable to 
effect separation of choleglobin from the great 
excess of its precursor. There is a paucity of direct 
knowledge of the pigment, and it is not known if 
it can undergo reversible oxygenation. Chemical 
evidence indicates that choleglobin arises by oxi- 
dative removal of the methene group in the pros- 
thetic group of haemoglobin. The haem molecuie is 
thereby opened, but otherwise unchanged, and the 
iron and globin linkages remain undisturbed. This 
chemical change is sufficient to endow the new protein 
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with two properties not possessed by haemoglobin, 
viz. light absorption at 628-630 my., and lability in 
66 % acetic acid. Lemberg e¢ al. (1941) observed that 
the choleglobin band at 628-630 mu. is dispersed by 
acetic acid treatment, and simultaneously bile pig- 
ments can be recovered from the mixture. The yield 
of bile pigments was associated with the intensity of 
the 628 mu. band, with an average in all experiments 
of 11%. 

Following these in vitro experiments, Lemberg and 
his co-workers (Lemberg et al. 1941; Lemberg & 
Legge, 1942) subjected normal erythrocytes to the 
acetic acid treatment used for disruption of chole- 
globin, and were able to demonstrate the formation 
of bile pigments. This constituted evidence for the 
presence of an intracorpuscular bile-pigment pre- 
cursor, labile, like choleglobin, in 66 % acetic acid. 
The relationship between choleglobin and erythro- 
cyte bile pigment precursor is not yet clear, but by 
assuming that the two compounds give similar yields 
of bile pigment, Lemberg e¢ al. (1941) were able to 
calculate that bile pigment precursor constitutes 
approximately 1% of the total oxyhaemoglobin in 
sheep’s erythrocytes; 1l-5yg. of biliverdin was 
isolated per ml. of normal human erythrocytes 
(Lemberg & Legge, 1942). 

For the detection of intracorpuscular bile pigment 
precursor the pigment was broken down in 66% 
acetic acid to biliverdin which was extracted from 
the mixture with ether, transferred to 5% (w/v) 
hydrochloric acid and determined spectrophoto- 
metrically. During the acetic acid treatment further 
oxidation of biliverdin to bilipurpurin was observed, 
but this complication was prevented by addition of 
10 mg. of ascorbic acid as an anti-oxidant. 

As choleglobin is rapidly formed in vitro by coupled 
oxidation of ascorbic acid and oxyhaemoglobin 
(Table 1), it appeared to the present authors that 
addition of ascorbic acid introduces an error. The 
formation of choleglobin by the action of intra- 
corpuscular ascorbic acid and glutathione was 
circumvented by performing the whole Lemberg 
procedure anaerobically. As pointed out recently by 
Lemberg (1949), bilipurpurin is formed even anaero- 
bically, and the present paper describes how this 
pigment can be determined in admixture with bili- 
verdin. 

In previous experiments (Gardikas, Kench & 
Wilkinson, 1948) no bile pigments could be detected 
photometrically in twelve specimens of normal blood. 
Subsequent studies have shown that 2-47 yg. of bile 
pigments can be obtained per ml. of erythrocytes, as 
measured by oxidation of biliverdin to bilipurpurin, 
the zinc complex salt of which by its intense red 
fluorescence in ultraviolet light can be detected in 
a solution containing 0-08 yg./ml. 

It appeared important to compare the bile pig- 
ment precursor content of erythrocytes, as computed 
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from this bile pigment formation, with that of pure 
crystalline human haemoglobin. It was hoped 
thereby to assess the true physiological changes 
which had occurred in the erythrocyte haemoglobin. 
The proportion of bile pigment precursor in the 
crystalline product was found to be slightly greater 
than that in the circulating erythrocyte. Possible 
implications of these observations are discussed 
later. 
METHODS 


Materials 


Biliverdin was prepared in pure form from bilirubin 
(Lemberg, 1934). Purification was by crystallization of the 
methyl ester, m.p. 207°. 

Crystalline human oxyhaemoglobin was prepared according 
to the method of Drabkin (1945). 

Ether. The ether used was rendered peroxide-free by 
reduction with Fe(NH,).(SO,),, Ca(OH),, and reduced Fe. 
The absence of peroxide was checked frequently with acidi- 
fied KI solution and starch suspension. Sodium acetate was 
Fe-free and other reagents A.R. 


Determination of bile pigment precursor 


Bile pigment precursor in the erythrocytes was disrupted 
in acetic acid and the biliverdin transferred to ether. The 
ether phase was washed with Na acetate to remove acetic 
acid and afterwards shaken with water to eliminate traces of 
acetate. Finally, biliverdin was extracted from the ether 
phase with 5% (w/v) HCl, and bilipurpurin passed into 
20% (w/v) HCl. 

The train of events was as follows: (a) red blood corpuscles 
(10 ml.), washed with saline, were lysed with distilled water 
(50 ml.); (6) glacial acetic acid (100 ml.) was added and 
allowed to react for 15 min.; (c) peroxide-free ether (300 ml.) 
was added and the mixture gently shaken, Fe and globin 
were retained in the acid layer, which was re-extracted and 
then discarded; (d) the pooled ether extracts were washed 
successively with 100 ml. of 18% (w/v) Na acetate solution, 
50 ml. of 18% (w/v) Na acetate, and finally with 50 ml. of 
distilled water, the washings being withdrawn on each 
occasion; (e) the purified ether phase was fractionated with 
5% (w/v) HCl for biliverdin, and with 20% (w/v) HCl for 
bilipurpurin. 

The manipulations (a)-(d) were accomplished anaerobic- 
ally in two vessels A and B arranged as shown in Fig. 1. 
B is a small vacuum desiccator, A a 500 ml. Pyrex round- 
bottomed flask. All connexions were of Portex plastic, 
which is not attacked by the reagents, while rubber stoppers 
and sealing grease were out of contact with the solvents. 
Both vessels were connected by two-way stopcocks to a 
Hyvac pump or a cylinder of pure N, (kindly supplied by 
Osram G.E.C. Ltd., to contain +0-001% O,). Thus the 
apparatus could readily be evacuated, and then filled with 
N,, the pressure changes being read on the Hg manometer 
connected to B. 

At the outset of a determination, 10 ml. of washed 
erythrocytes were introduced into the well of B, which was 
evacuated thoroughly, and filled with N, three times, until 
all O, had been removed from the blood. At the same time, 
100 ml. of glacial acetic acid introduced into A through the 
inlet tube E was similarly made O,-free and saturated with 
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N,. Then with a partial vacuum in B, and A connected to 
the N, supply, the acetic acid was forced over into B, being 
dispersed at the point of entry by a narrowing at the end of 
the tube. The blood was mixed with the acid, and allowed to 
remain in contact for 15 min. Then 300 ml. peroxide-free 
ether were put under reduced pressure in A, and introduced 
into B to extract the bile pigments produced. The lower 
(acid) phase was expelled through the outlet tube F by in- 
creasing the N, pressure. These manipulations were re- 
peated with saturated (18% w/v) and dilute (1-8% w/v) Na 
acetate solutions, and finally with distilled water. The 
purified ether phase, containing haematin and bile pigments, 
was then fractionated repeatedly with 5, 10 and 20% (w/v) 
HCl in air. 


D D 
c c 





Fig. 1. Apparatus used for the extraction of bile pigments 
in absence of air. A, Pyrex round-bottomed flask 
(500 ml.); B, small vacuum desiccator; C, C, connexions 
to Hyvac pump; D, D, connexions to N, supply; £, 
inlet; F, outlet; G, connexion to mercury manometer. 


Determination of bile pigments 
Each HCl solution was in turn extracted with CHCl,, 
neutralized to congo red with Na acetate solution and re- 
extracted with CHCl, to remove all the pigments. The 
CHCl, solutions were pooled for measurement of fluor- 


escence. 
Preparation of standard 


To 1 ml. of CHCl, solution of biliverdin (containing 1 yg. 
of crystalline pigment) was added 0-5 ml. of 5% (w/v) Zn 
acetate in methanol, followed immediately by 0-03 ml. of 
a methanol solution of 0-006% (w/v) I, and 0-008% (w/v) 
KI. The maximum ultraviolet fluorescence of the Zn salt of 
bilipurpurin was reached within 10 sec., and the solution 
was then diluted rapidly to 10 ml. with methanol. This gave 
the standard fluorescence. There was some fading, and the 
standard had to be freshly prepared for each set of readings. 
The intensity could readily be matched in thin non- 
fluorescent test tubes. 

Critical attention is required in certain respects: (1) all 
apparatus and solvents must be quite dry; (2) the quantity 
and concentration of Zn acetate and I, must be kept within 
narrow limits to produce optimum conversion without 
further oxidation of bilipurpurin to choletelin. 


Determination of biliverdin and 
bilipurpurin in a mixture 
The CHCl, extract of the mixture (1 ml.) was treated with 


0-5 ml. of 5% (w/v) Zn acetate solution in methanol. Bili- 
purpurin reacts to give a red fluorescence, and the solution 
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was diluted with methanol to match the standard. By 
measuring the yield of bilipurpurin in terms of crystalline 
biliverdin the unsolved technical difficulties of preparing 
pure bilipurpurin have been circumvented. 

Total bile pigments were determined in a further 1 ml. of 
CHCl, solution by addition of Zn acetate and I,, and 
matched as before. 

Biliverdin was calculated by difference. 

Traces of protoporphyrin sometimes appeared in the 
CHCl, solution but seldom caused trouble, since the 
fluorescence of this pigment was rapidly quenched on 
addition of Zn acetate. 


RESULTS 


Table 1 presents the data collected concerning the 
effect of addition of ascorbic acid on the bile pigment 
yield from solutions of crystalline human oxy- 
haemoglobin, Experiments were made in air at 15°. 


Table 1. Effect of addition of ascorbic acid on the bile 
pigment yield from solutions of crystalline human 
oxyhaemoglobin 


Crystalline Total 
oxyhaemo- Ascorbic Yield of yield 
globin acid Yield of bili- of bile 
present added _ biliverdin purpurin pigments 

(mg.) (mg.) (ug-) (ug-) (vg-) 
350 0-0 3-0 3-9 6-9 
10-0 12-1 8-9 21-0 

50-0 8-4 5-2 13-6 

3000 0-0 8-8 0-8 9-6 
10-0 19-2 4:3 23-5 

40-0 45-2 13-5 58-7 

100-0 73-2 19-8 93-0 


Crystalline oxyhaemoglobin was dissolved in 50 ml. 
of distilled water, and ascorbic acid added imme- 
diately before acetic acid treatment. It is clear that 
addition of 10mg. of ascorbic acid as an anti- 
oxidant will vitiate the results for bile pigment 
yield and bile pigment precursor concentration in the 
original material. 

The erythrocyte bile pigment values of twelve 
specimens of normal blood were determined anaero- 
bically as described in the experimental section. 
(Each specimen was first examined for the presence 
of free bile pigments by the anaerobic method, with 
omission of acetic acid treatment. In no instance 
could free bile pigment be detected.) The mean of 
this series of values was 2-47 yg. of bile pigment per 
ml. of erythrocytes (range 1-04—4-26 ug./ml.). By 
calculation, using the factor of Lemberg et al. (1941), 
the corresponding bile pigment precursor represents 
0-17 % of the corpuscular haemoglobin. 

Four separate preparations of crystalline human 
haemoglobin were likewise examined anaerobically 
for bile pigments (Table 2). From these figures it can 
be calculated that bile pigment precursor constitutes 
0-21 % by weight of crystalline human haemoglobin. 








Table 2. Bile pigments from crystalline 


human oxyhaemoglobin 
Weight of Total yield 
crystalline of bile 
oxyhaemoglobin pigments 
Specimen (g.) (ug-) 
1 3-7 32-1 
2 3-7 24-0 
3 3-8 32-6 
4 4:3 45-9 
DISCUSSION 


It is evident from this investigation that the bile 
pigment precursor content of human erythrocytes is 
not greater than that associated with the corre- 
sponding amount of crystalline oxyhaemoglobin. 
Such a result could arise if either of two quite 
different conditions obtain. The minute yields of 
bile pigment might be caused artificially by the 
drastic chemical processes involved. Alternatively, 
bile pigment precursor may pass along with oxy- 
haemoglobin through all the steps of purification 
into the crystalline product, maintaining the original 
quantitative relations with the mother pigment 
which obtained in the original erythrocytes. This 
latter hypothesis appears unlikely, but no means are 
available at present of deciding which is the true 
interpretation. The suggestion that early changes in 
the breakdown of haemoglobin to bile pigments are 
initiated during circulation receives little support 
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from the present experiments. It is possible that a 
more fruitful search for intermediates of pigment 
metabolism could be made in situations where the 
reticulo-endothelial system is overloaded with 
haemoglobin catabolic products, as in the spleen of 
patients suffering from haemolytic jaundice or poly- 
cythaemia. 


SUMMARY 


1. An anaerobic method for the study of bile pig- 
ment precursor in human erythrocytes and in 
crystalline human haemoglobin is described. 

2. The bile pigment precursor content of human 
erythrocytes was found to be 0-17 % of the contained 
haemoglobin. Bile pigment precursor also consti- 
tuted 0-21% of crystalline human oxyhaemo- 
globin. 

3. A fluorimetric method for measurement of bile 
pigments has been developed. Its special advantages 
are: (a) it has a high sensitivity, adequate for the 
small quantities of pigments encountered in this 
problem; (0) it is specific, with minimal interference 
from other pigments; (c) it is not dependent on the 
preparation of a-pure bilipurpurin standard. 

4. The experiments provide little support for the 
hypothesis that early degradative changes of oxy- 
haemoglobin are initiated in the circulating ery- 
throcyte. 


This work was carried out during the tenure by one of us 
(C. G.) of the Sybil Mary Pilkington Fellowship. 
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The Action of Enzymes on Chlorophenylalanines 


By H. BLASCHKO ann JEAN STIVEN 
The Departmert of Pharmacology, University of Oaford 


(Received 4 August 1949) 


The enzymic oxidation and decarboxylation of 
tyrosine and its homologues has recently been 
studied (Blaschko, Holton & Sloane-Stanley, 1949; 
Blaschko, 1949; Sloane-Stanley, 1949). It was 
found that o-hydroxyphenylalanine and m-hydroxy- 
phenylalanine were decarboxylated by extracts of 
mammalian tissues, which contain the enzyme 3:4- 
dihydroxyphenylalanine (DOPA) decarboxylase, 
an enzyme known not to act on tyrosine. On the 


other hand, acetone-dried preparations of Strepto- 
coccus faecalis R, containing the enzyme tyrosine 
decarboxylase, acted not only on tyrosine, but also 
on m-hydroxyphenylalanine; they did not de- 
carboxylate o-hydroxyphenylalanine. The amino- 
acid oxidases showed a lesser degree of specificity: 
the L-amino-acid oxidase of cobra venom and the D- 
amino-acid oxidase of pig kidney oxidized all three 
hydroxyphenylalanines. 
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The position of the phenolic hydroxyl group and 
its importance for the substrate specificity of the 
amino-acid decarboxylases has recently been dis- 
cussed elsewhere (Blaschko, 1950). It has been 
suggested that the reaction between the enzyme 
protein and the substrate involves a reaction through 
the phenolic hydroxyl group. This would explain 
why each decarboxylase accepts as substrates two 
isomers in which the phenolic hydroxyl group 
occupies one of two vicinal positions on the benzene 
ring and is unable to react with the third isomer. 

It was, therefore, of interest to find out if in the 
decarboxylation the phenolic hydroxyl groups are 
essential for the occurrence of the enzyme-substrate 
reaction or if they can be replaced by another polar 
group of similar dimensions. It was for this reason 
that the monochlorophenylalanines have been ex- 
amined as possible substrates of amino-acid de- 
carboxylases. At the same time, the enzymic oxida- 
tion of these compounds by amino-acid oxidases has 
been studied. 


MATERIALS AND METHODS 


The preparation of o-, m- and p-chlorophenylalanine 
hydrochlorides. The chlorophenylalanine hydrochlorides 
were prepared by condensing the appropriate chlorobenz- 
aldehyde with hippuric acid and reducing the oxazolone 
with hydriodic acid (Lamb & Robson, 1931); the resulting 
N-benzoylchlorophenylalanine was then hydrolysed with 
dilute HCl (Friedmann & Maase, 1910). In Lamb & 
Robson’s method HI is used for both the reduction and the 
hydrolysis, but this method gave tarry products which were 
difficult to purify. The preparation of o-chlorophenyl- 
alanine hydrochloride is described in detail as it has not been 
prepared before. The m-chloro (Flatow, 1910) and p-chloro 
(Friedmann & Maase, 1910) compounds were prepared in an 
exactly similar way. 

o-Chlorobenzaldehyde (14 g.) was condensed with hip- 
puric acid (18 g.) by means of acetic anhydride (20 g., 22 ml.) 
and sodium acetate (8 g.) at 100°. o-Chlorobenzoxazolone 
crystallized from glacial acetic acid and melted at 158°. 
(Found: C, 67-2; H, 3-4. C,,H,9O,NCl requires C, 67-7; 
H, 35%.) A mixture of the oxazolone (11-4 g.), glacial 
acetic acid (70 g.), HI (1-6 ml., sp.gr. 1-7) and red phos- 
phorus (3 g.) was boiled for 1 hr. and then filtered while hot; 
the phosphorus was washed with hot acetic acid and the 
total filtrate evaporated in vacuo. Water was added and the 
evaporation repeated. The solid residue was dissolved in the 
minimum of hot ethanol and the solution boiled with char- 
coal and filtered; the filtrate was diluted with hot water 
until it became cloudy and then left overnight when N- 
benzoyl-o-chlorophenylalanine separated ; it was recrystallized 
from glacial acetic acid, m.p. 206°. (Found: C, 63-7; H, 4-4. 
C,,H,,0,NCI requires C, 63-3; H, 4-6%.) The benzoyl group 
was removed by hydrolysis with dilute HCl as described by 
Friedmann & Maase (1910). o-Chlorophenylalanine hydro- 
chloride crystallized from water containing HCl, m.p. 240°. 
(Found: C, 45:2; H, 4:8: C,H,,O,NCl, requires C, 45-7; 
H, 47%.) 

Solutions of the three pi-chlorophenylalanine hydro- 
chlorides were neutralized before use; the free amino-acids 


ENZYMES ON CHLOROPHENYLALANINES 89 


are water soluble, but, as in the corresponding series of the 
hydroxyphenylalanines, the para-chloro derivative is the 
least soluble. In some of the experiments with p-chloro- 
phenylalanine, it was noted that the amino-acid, which had 
been dissolved by heating, crystallized out on cooling in the 
manometer flasks. 

Extracts of guinea pig kidney were prepared, as pre- 
viously described (Blaschko, 1949). These extracts contain 
L-DOPA decarboxylase. The preparation of Streptococcus 
faecalis was an acetone-dried powder grown on a medium 
deficient in vitamin B,; in the presence of pyridoxal and 
adenosinetriphosphoric acid (ATP) this preparation has 
very high L-tyrosine decarboxylase activity. The prepara- 
tion was one made by Dr G. H. Sloane-Stanley, of this 
Department, about 9 months earlier. Stored in a desiccator 
at 0°, it had retained its activity; it was used as described by 
Sloane-Stanley (1949). 

The cobra venom used for this work is a specimen from 
the collection of the late Sir Thomas Fraser in Edinburgh. 
It was given to the author by Prof. J. H. Gaddum and is 
labelled: ‘Cobra venom, Capt Elliot, Madras, 1899’. It is 
worth noting that the L-amino-acid oxidase activity of this 
50-year-old specimen is of the same order as that of recently 
collected venom which was used in a previous study 
(Blaschko, 1949) and which the author obtained from 
Dr C. H. Kellaway. The extract from an acetone-dried 
powder of pig kidney for the study of D-amino-acid oxidase 
was prepared as already described (Blaschko, 1949). 


EXPERIMENTAL AND RESULTS 
Decarboxylases 


Guinea pig kidney. The extracts prepared had a high 
activity with .L-3:4-dihydroxyphenylalanine as substrate. 
In each experiment four conical manometer flasks were used ; 
the main compartment of each flask held 1-0 ml. guinea-pig 
kidney extract, containing the equivalent of 500 mg. of fresh 
tissue, plus 0-6 ml. of 0-067M-sodium phosphate buffer of 
pH 7-4. The side bulbs contained: 


Flask no. ... ee eee 1 2 3 4 

Water (mi.) 0-4 0-2 0-2 a 

0-02 M-L-3:4-dihydroxy- — 0-2 — 0-2 
phenylalanine (ml.) 

0-04.m-p.-chlorophenyl- a -— 0-2 0-2 


alanine (ml.) 


In each experiment the gas phase was N,. The 
formation of CO, in flasks 2 and 4 was rapid in each 
experiment and the reaction had practically gone to 
completion within the first 9 min. There was no 
formation of CO, with any of the three chloropheny]- 
alanines, nor was there any indication that the 
presence of the chloro derivatives affected the rate of 
decarboxylation of L-3:4-dihydroxyphenylalanine. 


Streptococcus faecalis R. Two experiments were carried 
out with an acetone-dried preparation of bacteria grown on 
the vitamin B,-deficient medium described by Sloane- 
Stanley (1949). Each manometer flask contained 0-4 ml. of 
an aqueous suspension of the bacteria, containing 2 mg. of 
the dried powder, 0-1 ml. of a solution containing 1 mg. of 
ATP, 1-0 ml. of a pyridoxal hydrochloride solution (con- 
taining 10 yg. of pyridoxal), 0-2 ml. of a m-sodium acetate 
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buffer of pH 5-5, plus 0-9 ml. water. In the first experiment 
the side bulb of the first flask contained 0-4 ml. water, the 
second 0-4 ml. of a 0-04Mm-suspension of L-tyrosine; the 
other three flasks contained 0-4 ml. each of a 0-04M-solution 
of one of the three pt-phenylalanines. 

The rate of formation of CO, with L-tyrosine was 
rapid; 132 ul. CO, were evolved in the first 10 min. 
There was no CO, formation in any of the other 
flasks. This experiment shows that the chloro- 
phenylalanines are not substrates of the bacterial 
decarboxylase. 

In the second experiment a possible inhibitory 
action of the chlorophenylalanines on the bacterial 
enzyme was investigated. In this experiment the 
substrate was DL-m-hydroxyphenylalanine; this 
substance has the advantage over tyrosine of a 
greater solubility in water; also its affinity for the 
decarboxylase is less than that of tyrosine (Sloane- 
Stanley, 1949). The final concentration of DL-m- 
hydroxyphenylalanine and of each of the three DL- 
chlorophenylalanines was 0-0067m. It was found 
that the rate of CO, formation was not affected by 
the presence of any of the three chlorophenyl- 


alanines. 





Oxidases 


p-Amino-acid oxidase. All three chlorophenyl- 
alanines were oxidized by a preparation from pig 
kidney. In one experiment, in which 0-2 ml. of 
extract were used, the oxygen uptake in the first 
9min. of the experiment was with 0-028M-DL- 
methionine 147, with 0-014m-p-phenylalanine 34, 
with 0-028m-px-o-chlorophenylalanine 13, with 
0-028m-pxL-m-chlorophenylalanine 82, and with 
0-028m-pDu-p-chlorophenylalanine 41 pl. CO,, re- 
spectively. 

Lt-Amino-acid oxidase. In an experiment with 
0-6 mg. of cobra venom in each flask, the oxygen 
uptakes in the 3-15 min. interval were with 0-028m- 
DL-methionine 52, with 0-028m-o-chlorophenyl- 
alanine 20, with 0-028m-m-chlorophenylalanine 20, 
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and with 0-028m-p-chlorophenylalanine 23 yl. CO,, 
respectively. 

DISCUSSION 


The experiments show that the three chloropheny]l- 
alanines are substrates of neither the mammalian 
nor the bacterial decarboxylases. The three amino- 
acids were found to be without a significant affinity 
for the two enzymes. These observations are of 
interest for the understanding of the substrate- 
enzyme relationship. They could be explained on the 
hypothesis that the enzyme-substrate reaction 
occurs through the phenolic hydroxyl groups of the 
analogous hydroxyphenylalanines, and that in this 
reaction the hydroxyl group cannot be replaced by 
chlorine. 

The experiments give an illustration of the 
different degree of specificity of the amino-acid de- 
carboxylases, as compared with the amino-acid 
oxidases. The three chlorophenylalanines are sub- 
strates of L-amino-acid oxidase and of D-amino-acid 
oxidase. Friedmann & Maase (1910) have shown 
that in the dog p-chlorophenylalanine as well as p- 
chlorophenylpyruvic acid are excreted as p-chloro- 
phenylaceturic acid in the urine. These observations 
find their explanation in the experiments here 
reported. 


SUMMARY 


1. The action of amino-acid decarboxylases and 
amino-acid oxidases on DL-p-, m- and o-chloro- 
phenylalanine has been studied. 

2. The mammalian 3:4-dihydroxyphenylalanine 
decarboxylase and the tyrosine decarboxylase of 
Streptococcus faecalis R do not act on these amino- 
acids; the compounds do not have any marked 
affinity for the two enzymes. 

3. All three chlorophenylalanines are substrates 
of the D-amino-acid oxidase of pig kidney and of the 
L-amino-acid oxidase of cobra venom. 
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Gram-positive bacteria are able to concentrate 
certain amino-acids in the free state inside the cell 
prior to metabolism (Gale, 1947; Taylor, 1947). The 
passage of amino-acids across the cell wall into the 
cell may take place by a process of diffusion or by an 
active process requiring energy which can be ob- 
tained by exergonic metabolism (Gale, 1947). 
Studies of the passage of L-lysine across the cell wall 
of Streptococcus faecalis suggested that this amino- 
acid enters the cell by diffusion, since the entry will 
take place at 0°, is unaffected by metabolic in- 
hibitors such as cyanides, iodoacetates and fluorides, 
takes place at a rate which is proportional to the 
external concentration, and has a temperature coeffi- 
cient only slightly greater than that for the free 
diffusion of lysine. The concentration of lysine inside 
the cell is markedly greater than that outside the cell 
when the entry of lysine ceases. The curve relating the 
two concentrations suggests that an equilibrium is 
maintained between the internal and external en- 
vironments. If this were the case, then it would be 
expected that lysine would leave a cell transferred 
from a high to a low external concentration. When, 
however, cells were grown in a high concentration of 
amino-acids and then incubated in a lysine-free salt 
medium, no lysine could be observed to leave the cell 
unless a source of energy such as glucose were added 
to the system. The present studies were undertaken 
in an attempt to determine whether an equilibrium 
does exist between the internal and external lysine 
concentrations and to investigate the conditions 
affecting that equilibrium. 


METHODS 


Streptococcus faecalis Dunn (National Collection of Type 
Cultures, no. 6783) was used throughout this study. The 
effect of phosphate ions on lysine migration was studied 
during growth and in washed suspensions. The basal 
medium for growth, supplemented by minimal amounts of 
amino-acids and phosphate and fortified by amino-acids and 
phosphate ions as the occasion demanded, had the following 
composition: Arginine, 0-50 g.; sodium acetate, 2-35 g.; 
MgSO,.7H,O, 0-70 g.; KCl, 1-28 g.; ammonium acetate, 
4-36 g.; glucose, 10-0 g.; ferrous ammonium sulphate 0-1, 
0-15 ml.; marmite (P-free) 10%, 10-0 ml.; pyridoxin, 


1-5 mg.; riboflavin, 1-5 mg.; calcium pantothenate, 3-0 mg.; 
and glass distilled water, 1000-0 ml. 

The following were used as supplements when required: 
(1) phosphate, KH,PO,, 4-3 g., and Na,HPO,, 54-0 g./l. of 
basal medium ; (2) amino-acids, phosphate-free casein hydro- 
lysate 10-0 g./l. of basal medium. When this was added 
arginine was omitted from the basal medium. Phosphate 
was removed from the casein hydrolysate and from marmite 
as the magnesium ammonium salt. In each case the pH was 
adjusted to 7-4 and the culture incubated at 37° for 12-14 hr. 

After harvesting, the cells were washed once with 100 ml. 
of water and made into a suspension in water of about 
30-40 mg. dry wt. of cells/ml. For studies on lysine migra- 
tion, 2-5 ml. of suspension were diluted in 25 ml. water, or 
0-15M-NaCl, Na,SO,, Na,HPO,, Na,P,0, with or without 
lysine 9-0 wmol./ml. 

Lysine estimations were made manometrically using the 
specific decarboxylase (Gale, 1945), and the passage of 
lysine into the cells was followed by the technique described 
by Gale (1947). Quantities of lysine in the cells are ex- 
pressed as pmol./100 mg. dry wt. of cells and refer to free 
L-lysine. 

RESULTS 


Effect of phosphate on the accumulation of 
lysine by growing and resting cells 


The ability of the cell to take up lysine from the 
medium and accumulate it in the free state within the 
cell during growth was studied. Organisms were 
grown in amino-acid-supplemented basal media con- 
taining minimal to high concentrations of phosphate 
ions. After an incubation of 12 hr. the cells were 
harvested, washed and their lysine content assayed. 
Table 1 shows that during growth the presence of 


Table 1. Effect of phosphate on the accumulation 
of free lysine during growth 


(Strep. faecalis was grown on the basal medium containing 
1% casein hydrolysate and supplemented with added 


phosphate as indicated.) Lysine content of cells 


Phosphate content (umol./100 mg. dry 


Exp. of medium wt. of cells) 
1 Traces 2-0 
0-15M 5-5 
2 Traces 3-4 
0-05m 5-7 
0-15M 9-1 
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phosphate favours the accumulation of lysine by the 
cell. This was not peculiar to lysine alone. In Exp. 1, 
18-2 mol. of glutamic acid were accumulated per 
100 mg. of cells in the presence of 0-15m-phosphate 
and only 4:5ymol. in the phosphate-deficient 
medium. In the case of glutamic acid this effect was 
to be expected, inasmuch as the migration of 
glutamic acid into the cell requires an energy- 
yielding reaction which necessarily requires adequate 
amounts of phosphate (Gale, 1947). With lysine, 
however, such is not the case. 

The effect of phosphate on the accumulation of 
lysine by resting cells in washed suspension was then 
studied. Cells grown for 12 hr. in the basal medium 
with or without added phosphate were used. Their 
ability to accumulate lysine in washed suspensions 
was investigated at 4° and 37° in the presence or 
absence of phosphate. Table 2 shows that the 
accumulation of lysine was in each instance better in 
the absence of added phosphate, whether organisms 
were grown in phosphate-poor or phosphate-rich 
medium. Cells grown in phosphate-deficient medium 
accumulated appreciably more lysine than those 
grown in the presence of large amounts of phosphate. 

The possibility remains that the organism might 
have accumulated lysine equally well in the presence 
of phosphate and that the lower levels observed 
might have been due to increased internal meta- 
bolism of the amino-acid under the influence of 
inorganic phosphate. The fact that the same pheno- 
menon was observed when migration of lysine took 
place at 4° makes this unlikely. However, this possi- 
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bility was checked by an experiment, similar to 
those previously described for glutamic acid by 
Gale & Mitchell (1947), in which the lysine was 
assayed in the cell and in the medium before and 
after incubation. If any metabolism occurred during 
migration this would show as a loss of total lysine 
after incubation. It is clear from Table 3 that all the 
lysine lost from the medium was taken up by the 
cells and no metabolism could be detected. 


The effect of phosphate on the migration of lysine 
from the internal to the external environment 


From the foregoing it is obvious that the inward 
migration of lysine into the cell is influenced by in- 
organic phosphate in the external medium. 

The diffusion of lysine into the medium from with- 
in the cells was next studied, and again the only ion 
that showed any influence on this outward migration 
was inorganic phosphate. Cells were grown in the 
deficient basal medium, and then incubated in 
lysine (9 zmol./ml.) until a high internal concentra- 
tion was attained. 

Such lysine-filled cells were then allowed to 
equilibrate in 100ml. of various salt media at 
pH 7-2. Table 4a shows that at 37° lysine migrates 
out of the cell equally well in either 0-15m-NaCl or 
0-15m-Na,HPO,. 

In similar experiments performed at 4° for 20 hr. 
instead of at 37° migration took place when the 
lysine-filled cells were incubated in saline solution, 
but not in the phosphate medium (Table 46). More- 
over, the amount of lysine lost from the cells was 


Table 2. Effect of phosphate on the diffusion of lysine into the resting cell 


(Strep. faecalis was grown for 12 hr. at 37° in the basal medium with and without added phosphate. Washed cells were 
suspended in lysine solutions (4-5 zmol./ml.) with and without phosphate, and incubated for 2 hr. at 37° or 20 hr. at 4°.) 


Additions (each 0-15m) Lysine uptake 

to lysine solution (umol./100 mg. 

Exp. Growth medium for incubation Temp. dry wt. of cells) 
1 Basal NaCl 37° 5:3 
Basal Na,HPO, 37° 3-8 
Basal + 0-15mM-Na,HPO, NaCl 37° 3-8 
Basal + 0-15M-Na,HPO, Na,HPO, 37° 3-0 
2 Basal +0-15mM-Na,HPO, NaCl 4° 3-9 
Na,HPO, 4° 2:8 
NaCl 37° 5-5 
Na,HPO, 37° 2-0 


Table 3. Effect of phosphate on lysine accumulation by Streptococcus faecalis 
grown in an amino-acid- and phosphate-deficient medium 


(Strep. faecalis was grown in the deficient medium for 14 hr. at 37°. The washed cells were incubated in lysine solution 
for 2 hr. at 37° at pH 7-2. The lysine taken up by the cells and that left in the medium was determined.) 


Lysine (ymol.) 





e \ 
Dry wt. of In medium before In medium after Taken up by 
Medium cells incubation incubation cells Metabolized 
(4 ml.) (mg.) (a) () (c) a-(b+e) 
Lysine + 0-15m-NaCl 143 36-4 23-7 12-3" +0-4 
36-4 28-8 8-2 ~0-6 


Lysine + 0-15m-Na,HPO, 143 
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Table 4. Effect of ions on outward migration of lysine 


(Strep. faecalis was grown in the deficient medium for 14 hr. at 37°, washed and incubated in lysine 9 pmol./ml. for 2 hr. 
at 37°. It was again washed and allowed to equilibrate in 100 mol. of various salt media as indicated. 2 hr. at 37° or 20 hr. 
at 4° was sufficient for attaining equilibrium between internal and external environments. All lysine values expressed as 


mol./100 mg. wt. of cells. 
ne oo Lysine content of cells after incubation in: 


Initial NaCl (m) Na,HPO, (m) 0-15m-NaCl + 
Conditions of lysine 0-05m- 0-15M- 0-15M- 
incubation content 0-15 005 0-005 015 0-05 0-005 Na,HPO, Na,SO, Na,P,0, 

(a) 2 hr. at 37° 10-5 7-0 — _— 7-4 —_ _ — — ao 
10-1 a | ~ _ — 

(6) 20 hr. at 4° 7-8 1-6 4:5 _— 8-0 7-8 _ 7:8 — = 
6-9 3-1 — 7-1 7-2 —_ 7-2 —_ — — 

(c) 20 hr. at 4° 12-7 eee ee ai <a 7-8 
10-1 5-9 — — — i aes = ne 56 

13-7 oe en 6-5 _ 


recovered in the saline medium (Table 5). No lysine 
was detected in the phosphate medium and no loss of 
lysine observed in the cells. The effect of the phos- 
phate ion in preventing the leakage of lysine at 4° 
was still exerted in the presence of NaCl (Table 45). 


Table 5. Outward migration of lysine from cells 
suspended in saline 


(Strep. faecalis was grown in the deficient medium for 
14 hr. at 37°. Washed cells were incubated with 9-0 wmol./ 
ml. lysine for 2 hr. at 37°, washed again and allowed to 
equilibrate in 100 ml. NaCl or Na,HPO, at pH 7-2 for 20 hr. 


t 4°. 
Lysine (ymol.) 





outside medium was like that of NaCl (Table 4c). It 
was thought possible that these ions might have 
caused a permanent alteration in the permeability of 
the cell wall toward lysine. Cells filled with lysine 
were therefore subjected to the action of various 
ions, and their ability to reaccumulate or lose lysine 
was then studied under various conditions. The 
results of such an experiment are shown in Table 6. 
There is no evidence that any damage was suffered 
by the cell while in contact with chloride, sulphate, 
pyrophosphate or phosphate since the cell, after 
treatment, continued to behave normally toward 
lysine migration. 


Initial After incubation After incubation THE EFFECT OF OTHER AMINO-ACIDS ON 
lysine content in NaCl(0-15mM) in Na,HPO, (0-15) THE PASSAGE OF LYSINE ACROSS THE 
(umol./100 ng, << ————_ ~———"——— f 

dry wt. of cells) Celis Medium Cells Medium CELL WALL 
— = = aan ps The finding that at 37° lysine migrated equally well in 
71-8 3-1 4-6 7-6 0-0 phosphate as in saline is in contrast to the earlier finding 


Other salts, sodium sulphate and sodium pyro- 
phosphate, were tested in a similar manner. It was 
found that their effect on lysine migration to the 


(Gale, 1947) which has since been confirmed, that lysine 
failed to migrate at 37° to the outside medium containing 
phosphate, unless a source of energy was supplied. 

Beside the difference in growth media used, one further 
difference between the two sets of observations is the re- 


Table 6. Reversible effect of ions on lysine accumulation 


(Strep. faecalis was grown in the deficient medium for 14 hr. at 37° and allowed to equilibrate with lysine 9-0 zmol./ml. 
at 37° for 2 hr. The lysine-filled cells were then put through two successive incubations as indicated. Samples were taken 
for lysine assay. Incubations at 4 and 37° lasted 20 and 2 hr. respectively.) 


First incubation 
A, 


Second incubation 








Initial c = “ A 9 
lysine content Medium Lysine content Lysine content 
(umol./100 mg.) (0-15) (umol./100 mg.) Temp. Medium (umol./100 mg.) Temp. 
10-3 NaCl 76 4° Lysine 11-0 37° 
(9-0 pmol./ml.) 
10-1 Na,P,0, 7-9 4° Lysine 13-5 37° 
(9-0 pmol./ml.) 
10-5 Na,HPO, 10-5 4° NaCl 8-1 4° 
(0-15) 
10-7 Na,SO, 8-0 4° Lysine 11-6 37° 


(9-0 pmol./ml.) 
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lative concentration of the free amino-acids within the cells. 
In the present instance, with growth on an amino-acid 
deficient-medium and preincubation with lysine, lysine was 
the only amino-acid present in high concentration, and out- 
ward migration took place freely in phosphate medium. In 
the earlier experiments (Gale, 1947) growth in an amino- 
acid-rich medium resulted in a high internal concentration 
of other free amino-acids, and migration did not take place 
in a phosphate medium. It seemed possible, therefore, that 
the presence of other amino-acids in the s»me environment 
with lysine might affect its migration across the cell 
membrane. 


The effect was studied using cells grown for 12 hr. 
at 37° in a medium deficient only in amino-acids 
(medium B of Gale, 1947). The deficient cells were 
then allowed to take up lysine by incubation at 37° 
for 3 hr. in lysine solutions containing various com- 
binations of amino-acids but all having 9 umol. of 
lysine per ml. 

Table 7 shows that the basic or acidic amino-acids 
retarded lysine entry. The effect exerted by the 
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acidic mixture was more pronounced in each case. 
Combination of acidic and basic mixtures neither 
neutralized nor enhanced that effect. It seems prob- 
able that any effect shown by casein hydrolysate is 
due to the presence of the acidic and basic amirio- 
acids, since the neutral ones had no detectable effect. 
It is necessary at this point to stress the fact that 
under these conditions the lysine entering the cell is 
not metabolized. Recovery experiments, using cells 
with 110 mg. dry weight, showed that, when lysine 
accumulation occurred upon incubation in casein 
hydrolysate, 7-0 mol. were added to the cell content 
and 6-6 pmol. were lost from the medium. Upon in- 
cubation in a solution of lysine with glutamic and 
aspartic acids the internal lysine content rose by 
9-8 pmol., and 9-9 umol. were lost from the medium. 

The effect on outward migration of lysine from the 
cellinto phosphate orsalinemedium wasinvestigated, 
using similarly grown deficient cells after they had 
taken up lysine during 3 hr. incubation at 37° with 


Table 7. The effect of other amino-acids on the accumulation of lysine 


(Streptococci were grown 12 hr. at 37° in basal medium and incubated for 2 hr. at 37° in the various suspension media at 
pH 7-2. The increase in lysine content was then measured as usual. The relative concentrations of the various amino-acids 
were approximately the same as in casein hydrolysate. Basic amino-acids (umol./ml.): lysine (9-0), arginine (4-0), histidine 
(4-0); acidic amino-acids (wmol./ml.): glutamic (24-0), aspartic (9-0); neutral amino-acids (umol./ml.): alanine (3-5), valine 


(11-0), phenylalanine (4-0), proline (11-0), tryptophan (2-0), 


Composition of the suspension medium 
(all containing 9 umol. of lysine/ml.) 
Lysine 
Casein hydrolysate 2-5% 

Lysine + basic amino-acids 

Lysine + acidic amino-acids 

Lysine + neutral amino-acids 

Lysine + neutral + acidic amino-acids 
Lysine + basic + acidic amino-acids 


serine (1-5) glycine (2-0).) 


Increase in free lysine content 
(umol./100 mg. dry wt. of cells) 


Exp. 1 Exp. 2 Exp. 3 Exp. 4 
18-3 18-5 15-6 16-7 
10-6 6-0 — — 
12-1 7-0 9-9 _ 

6-5 4-5 7-6 -- 
= — 14-8 15-0 
ees — = 5-2 

ns = 5-1 


Table 8. The effect of other amino-acids on the outward migration of lysine 


(Strep. faecalis was grown for 8 hr. in casein digest (1 and 2), in the basal medium (3 and 4), and medium B (5-9) for 
12 hr. and allowed to take up lysine from various solutions containing 9 zmol./ml. at pH 7-2, temp. 37°, duration 2 hr. It 
was subsequently incubated in phosphate and saline under the same conditions of temp., pH and time of incubation. 


Neutral, basic and acidic amino-acids as in Table 7.) 


First incubation 


Second incubation 


Initial —-ss TSI : 
lysine Lysine Na,HPO, Lysine NaCl Lysine 
Exp. content* Medium content* (m) content* (m) content* 
1 7-0 a — 0-15 7-2 0-15 5-0 
2 9-2 — _- 0-075 9-1 0-15 53 
3 15 Casein hydrolysate 2-5% 8-7 0-075 8-8 0-15 1-5 
+ 1-1 Casein hydrolysate 2-5% 7-2 0-15 v4 0-15 4:5 
5 1-4 Casein hydrolysate 2-5% 9-6 0-15 9-7 0-15 3-2 
6a 1-7 Casein hydrolysate 2-5% 9-4 0-075 9-2 _ — 
6b 7 As (3)+1% glucose 5-0 0-15 5-0 0-15 2-1 
7 1:3 Lysine 12-4 0-15 6-2 0-15 6-0 
8 1-5 Lysine 13-0 0-075 4-2 0-15 4-4 
9a 4:3 Lysine + acidic amino-acids 12-9 0-075 12-8 0-15 5-1 
96 4:3 Lysine + basic amino-acids 11-9 0-075 11-9 0-15 5-3 
9c 4:3 Lysine + neutral amino-acids 15:8 0-075 7-1 - 0-15 5-0 


* Lysine content in pmol./100 mg. dry wt. of cells. 
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the various amino-acid combinations as described 
above. Equilibration took place at 37° for 2 hr. 
Similarly, streptococci grown on a casein-digest 
medium (Gale, 1947), already possessing high levels 
of free amino-acids, were used without prior incuba- 
tion with lysine solution. 

Table 8 shows that, in all cases where saline was 
used, free migration of lysine took place. However, 
with phosphate in the external medium, lysine did 
not migrate when it had been taken up, either during 
growth in an amino-acid rich medium or during in- 
cubation in the presence of the acidic or basic amino- 
acids or casein hydrolysate with or without glucose; 
but migration took place to the same extent as in 
saline when lysine had been taken up from lysine 
solution alone or in the presence of the neutral amino- 
acids. Again it appears that both the basic and 
acidic amino-acids exerted a definite effect on the 
diffusion of lysine out of the cell as well as into the 


cell. 
DISCUSSION 


We have shown above that the phosphate ion has a 
definite effect on the migration of lysine across the 
cell wall of Strep. faecalis. When the exchange across 
the cell barrier is considered in its simplest form, 
occurring at 4° with lysine as the only amino-acid 
and phosphate as the only anion, some aspects of this 
exchange are explicable along the lines of Donnan 
equilibria. Quantitative studies on the passage of 
ions showed that there is no leakage of phosphate out 
of the cell upon suspending the organism in water or 
saline. Further, there is no increase in the phosphate 
content (free or esterified) of the cells when these are 
suspended in 0-15m-phosphate with or without 
lysine. When lysine is taken up from an aqueous 
solution one can readily see that, on the internal side 
of the membrane, the presence of non-diffusible 
phosphate anion plus the negatively charged non- 
diffusible protein of the cell tends to favour the 
migration of the diffusible cation lysine into the cell, 
and to build up a final concentration therein at a 
level higher than that present in the outside medium. 
Further, the addition of non-diffusible inorganic 
phosphate ion to the external medium will tend to 
reduce the internal lysine concentration at equi- 
librium. 

However, when the system is reversed and lysine- 
filled cells are suspended in a medium containing 
phosphate at 4° no detectable migration takes place 
even after 20 hr. Migration invariably occurs when 
saline is the outside medium, but not when phosphate 
ions are present in saline. The process is made still 
more complicated by effects shown by the acidic and 
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basic amino-acids. There is evidence that the acidic 
amino-acids do not diffuse across the cell wall (Gale, 
1947) and would therefore act as external non- 
diffusible ions, but the basic amino-acids also have the 
effect of lowering the internal lysine concentration. 
There is as yet no definite evidence concerning the 
permeability of the cell wall towards basic amino- 
acids other than lysine. 


SUMMARY 

1. The passage of lysine across the cell membrane 
of Streptococcus faecalis has been investigated. Two 
factors appear to influence lysine migration: the 
phosphate ion and certain amino-acids. 

2. Phosphate favours lysine accumulation by the 
streptococci during growth in a medium of high 
amino-acid content. 

3. In washed suspensions of cells, lysine accumula- 
tion is less if the external medium contains phosphate. 

4. The passage of lysine from the internal to the 
external environment of the cell occurs readily at 4° 
in the presence of chloride, sulphate or pyrophos- 
phate ions, but no outward migration takes place in 
the presence of phosphate. 

5. Outward migration takes place at 37° whether 
phosphate is present or absent. 

6. The outward migration is influenced by the 
presence of other amino-acids during the previous 
uptake of lysine. If cells deficient in free amino-acids 
are incubated in lysine alone, then the lysine taken 
up can subsequently leave the cell if this is incubated 
in lysine-free phosphate at 37°. If the uptake of 
lysine takes place from a medium containing casein 
hydrolysate then the lysine will not leave the cell on 
subsequent incubation in phosphate although normal 
migration occurs in saline. 

7. The retaining effect of casein hydrolysate is also 
obtained if the initial incubation takes place in a 
medium containing, in addition to lysine, a mixture 
of either arginine and histidine or glutamate and 
aspartate. 

8. Uptake of lysine by deficient cells is also 
lessened by the presence of these amino-acid 
mixtures. 

9. A mixture of neutral amino-acids has no effect 
on either the uptake of lysine or its subsequent 
migration out of the cell. 


The authors are indebted to Mr P. D. Mitchell for much 
valuable advice during the course of this work. The National 
Research Fellowship of one of them (V. A. N.) is aided by a 
grant from the National Foundation of Infantile Paralysis, 
USS.A. 
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Properties of Brain Pyrophosphatase 


By J. J. GORDON, Biochemical and Endocrinological Research Department, 
Bristol Mental Hospital, Fishponds, Bristol 


(Received 15 July 1949) 


A preliminary report (Gordon, 1949) has described 
some of the properties of rat-brain pyrophosphatase, 
and quoted experiments which point to the prob- 
ability that the enzyme contains active thiol groups, 
resembling in that respect the yeast (Bailey & Webb, 
1944) and the erythrocyte (Naganna & Menon, 1948) 
pyrophosphatases. The present communication 
gives a full account of the experimental work upon 
which the previous report was based, and provides 
additional data bearing on the behaviour of the 
enzyme towards inhibitors, especially thiol in- 
hibitors. Activities of brain pyrophosphatase in 
several species have also been investigated, and com- 
pared with those of the corresponding acid and 
alkaline brain phosphomonoesterases and erythro- 
cyte pyrophosphatase. 


EXPERIMENTAL 


The brains of mature rats were mainly used as source of 
enzyme, but preparations were also made from sheep and 
rabbit brain, and from human cerebral cortex. All results 
are expressed as mmol. substrate decomposed/30 min./ 
100 g. original tissue. These units were used instead of 
Roche P units in order that activities of pyrophosphatase 
and other phosphatases could be more readily compared. 


Preparation of enzymes 


Brain phosphatase. Fresh whole rat brains, specimens of 
minced rabbit or sheep brain (1-2 g.), or specimens of 
human cerebral cortex (1-2 g.) were ground and washed 
according to the procedure described by Fleischhacker 
(1938), using ice-cold reagents throughout. The tissue was 
homogenized with 2-3 ml. of acetone in a hard-glass homo- 
genizer, shaken with acetone (10-15 vol.) and centrifuged. 
The acetone washing was repeated twice, and the tissue 
similarly washed successively three times each with 70% 
(v/v) acetone-water, pure acetone, and ether, and finally 
dried in a vacuum desiccator at 0°. Weights of dried powder 
(mg./g. original tissue) finally obtained were 143-154 (rat), 
149 (sheep), 116 (rabbit) and 103 (human cerebral cortex). 
Activity is retained for several weeks. 

Erythrocyte pyrophosphatase was prepared from freshly 
drawn blood by the procedure of Naganna & Menon (1948). 
Attempts were made also to prepare a pyrophosphatase- 
containing powder from sheep erythrocytes, by shaking the 
washed packed cells with ice-cold acetone (15 vol.) and then 
proceeding in the same manner as for brain. A dry powder 
was obtained containing the equivalent of 3-3ul. packed 
cells/mg. 


Measurement of enzyme activity 


Acetate-veronal buffer solutions were used throughout. 

Pyrophosphatase. Pure Na,P,0, (free from orthophos- 
phate) was used as substrate. Enzyme powder (10-20 mg.) 
was ground with glycerol (0-5-1-0 ml.) to a fine paste, and 
made to a suspension with water. A 2 mg./ml. dilution was 
suitable with rat or sheep brain, but stronger suspensions 
were necessary with rabbit brain (20 mg./ml.) and human 
cerebral cortex (6 mg./ml.). The suspension (1 ml.) was in- 
cubated at 37° with 1 ml. of veronal buffer (0-1M, pH 7-4) in 
presence of MgCl, (0-02 final concentration), diluting to 
3 ml. with distilled water. When inhibitors were used, they 
were included in the mixture, which was then incubated for 
30 min.; otherwise a few minutes were allowed for thermal 
equilibration. Substrate (1 ml., 0-002M), previously in- 
cubated at 37°, was then added, and the mixture shaken. 
Enzyme and substrate blanks were also set up. The reaction 
was stopped after 30 min. by addition of 10% (w/v) tri- 
chloroacetic acid (2 ml.), and the mixtures allowed to stand 
20 min. at room temperature and then filtered. Ortho- 
phosphoric acid was estimated in 3 ml. of the filtrate by the 
method of Fiske & Subbarow (1925). 

Optimal conditions were established by a series of experi- 
ments in which variations were made separately in time of 
incubation, substrate concentration, MgCl, concentration 
and pH value. 

Erythrocyte pyrophosphatase activity was estimated by 
the procedure used for brain, with a lysed cell preparation 
(0-1-0-3 ml.) or a dried powder suspension (1 ml. of 20 mg./ 
ml., prepared as for brain). 

Alkaline phosphatase activity was estimated in brain- 
powder suspensions (1 ml. of 10 mg./ml.) at pH 9-4 with 
sodium «-glycerophosphate (0-006 final concentration) as 
substrate, in presence of 0-001m-MgCl,, the incubation 
period being 1 hr. The procedure otherwise was the same as 
for pyrophosphatase. 

Acid phosphatase activity was estimated at pH 5-0 in the 
same manner as alkaline phosphatase, but with no MgCl, 
present. A 2 hr. incubation period was employed. 

The above methods of estimation of acid and alkaline 
phosphatase activity were based on the optimal conditions 
established by Giri & Datta (1936), but a substrate con- 
centration of 0-006M was found to be adequate, whereas 
these workers used £-glycerophosphate in 0-02 concentra- 
tion. 


RESULTS 
Optimal conditions of activity 


The effects of time of incubation, substrate concen- 
tration, magnesium ion concentration and pH of 
medium on the activity of brain pyrophosphatase 
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preparations are illustrated in Figs. 1-4. The follow- 
ing conclusions may be drawn: 

(1) The rate of decomposition of pyrophosphate is 
linear up to 81 % hydrolysis. 
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0-0008 


Na,«P,07 decomposed (mmol.) 
S 


0 10 22 30 40—— Si 
Time (min.) 
Fig. 1. Progress curve of enzymic hydrolysis of Na,P,0, by 


brain at 37°. Rat brain suspension with 0-0005m- 
Na,P,O, and 0-02mM-MgCl,, at pH 7-4. 





£ 100 
E 
>o ws 80 
583 
[or 
2 5 vo 40 
5= 8 20 
a _ 
£ 9 — 0-00025 0-0005 000075 0-001 0-00125 0-0015 
Concentration of Na,P,O; (m) 
Fig. 2. Effect of substrate concentration on pyrophos- 


phatase activity of brain at 37°. Rat brain suspension 
with 0-02M-MgCl, at pH 7:4. 
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Fig. 3. Effect of Mg++ concentration on pyrophosphatase 
activity of brain at 37°. Rat brain suspension with 
0-0005M-Na,P,O, at pH 7-4. 


(2) The activity is optimal when a substrate con- 
centration of the order of 0-0005™M is reached : further 
increase results finally in a fall of activity at 0-0015M. 

(3) Enzyme activity is slight in absence of mag- 
nesium ions, which give optimal activation at 
0-015. 
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(4) Maximum activity is in the pH range 6-5—7-4. 

It is of interest to compare the above conditions 
with those previously reported for pyrophos- 
phatases obtained from other sources. Yeast pyro- 
phosphatase shows an optimal concentration of 
0-0001m for substrate and 0-002m for magnesium, 
and a pH optimum 6-9-7-0 (Bailey & Webb, 1944); 
this pH optimum is also shown by muscle pyro- 
phosphatase (Lohmann, 1928). The erythrocyte 
enzyme has optimum substrate concentration 
0-0005m and magnesium concentration 0-02Mm, and 
pH optimum 7-4-8-2 (Naganna & Menon, 1948). 
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Enzyme activity 
(mmol. Na«P20,/30 min./100 g. tissue) 
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Fig. 4. Effect of pH of medium on pyrophosphatase 
activity of brain at 37°. Rat brain suspension with 
0-0005m-substrate. A, without Mgtt+; B, with 0-02m- 
Mg*+. 

Effects of inhibitors 

The effects of different enzyme inhibitors on rat 
brain pyrophosphatase are indicated in Table 1. 
Substantial inhibition is evidently brought about by 
calcium ions at an order of concentration similar to 
that necessary to inhibit erythrocyte pyrophos- 
phatase (Naganna & Menon, 1948). 

It is important that the enzyme is sensitive to low 
concentrations of substances known to oxidize or 
react with thiol groups, i.e. alloxan, copper sulphate, 
iodoacetate and mapharside (m-amino-p-hydroxy- 
phenylarsenoxide hydrochloride) ; this suggests that 
thiol groups are necessary for the activity of the 
enzyme. This conclusion is supported by experi- 
ments indicating that the inhibitions can be reversed 
by excess of cysteine. The inhibition due to alloxan 
was considerably reduced in presence of cysteine, 
an effect previously demonstrated for succinic de- 
hydrogenase (Hopkins, Morgan & Lutwak-Mann, 
1938). The effect of mapharside, which inhibited 
strongly at 7-4 x 10-®m, was abolished by cysteine; 
this arsenic compound showed a similar behaviour 
towards a number of enzymes known to contain 
active thiol groups, but not towards certain other 
enzymes which do not contain such groups (Gordon 
& Quastel, 1948). 
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Table 1. Effects of enzyme inhibitors on rat brain pyrophosphatase 


(Brain suspension incubated with inhibitor in presence of MgCl, for 30 min. at 37° before addition of substrate. Final 
concentration of MgCl, 0-02M, of substrate 0-0005m. Temp. 37°; pH 7-4.) 


Concentration 
of inhibitor 
Inhibitor (m) 

CaCl, 0-5 x 10+ 
CaCl, 2-0 x 10-4 
CaCl, 20-0 x 10-4 
CuSO, 0-5 x 10-* 
CuSO, 2-0 x 10-* 
CuSO, 10-0 x 10-6 
Na iodoacetate 0-1 x 10-% 
Na iodoacetate 2-5 x 10-3 
Alloxan 0-1 x 10-3 
Alloxan 2-0 x 10-8 
Alloxan 0-5 x 10-8 
Alloxan 0-5 x 10-3 
Alloxan + cysteine 15 x 10 
Mapharside 0-74 x 10-* 
Mapharside 7-4 x 10-6 
Mapharside 7-4 x 10-6 
Mapharside + cysteine 5x 10} 
Formaldehyde 0-25 x 10-% 
Formaldehyde 2-5 x 10-% 
NaF 0-5 x 10-5 
NaF 2-0 x 10-5 
NaF 5-0 x 10-5 
NaCN 0-4 x 10-2 
NaCN 1-5 x 107% 
Na tauroglycocholate 2-4 x 10-3 
Na cholate 0-5 x 10-% 


Enzyme activity 
(mmol. substrate/30 min./ 
100 g. tissue) 


Without With Inhibition 

inhibitor inhibitor (%) 
4-88 3-54 27-4 
4:88 2-06 57-8 
4:88 0-17 96-7 
4-31 3°12 27-6 
4-31 1-41 67-3 
4:31 0-296 93-2 
3-54 2-48 30-0 
3-54 1-26 64-4 
3-50 2-66 24-0 
3-50 0-39 88-9 
4-52 0-92 79-6 
9-26 8-02 13-4 
3-42 2-40 29-9 
4-52 1-03 77:3 
5-86 5-84 0-0 
5-00 3-18 36-4 
5-00 2-40 52-0 
4-32 3-70 14:3 
4-32 2-26 47-7 
4-32 1-06 75-5 
3-10 3-44 0 
3-10 1-78 42-6 
3-54 2-90 18-1 
2-98 3-08 0 


Table 2. Pyrophosphatase activities in brain tissue of various species, compared with 
brain phosphomonoesterase and erythrocyte pyrophosphatase 


(Activities in mmol. substrate/30 min./100 g. brain tissue or mmol. substrate/30 min./100 ml. whole blood.) 





Phosphomonoesterase Erythrocyte pyrophosphatase 
(substrate, Na a-glycerophosphate) (pH 7-4) 
eS ae re Paty 
Brain pyro- Acid Alkaline Lysed Acetone 
phosphatase enzyme enzyme cell powder 
Species (pH 7-4) (pH 5-0) (pH 9-4) preparation preparation 
Rat 6-22 0-354 0-899 3-58 = 
Rabbit 0-260 0-228 1-58 2-59 —_ 
Sheep 2-78 0-300 1-42 0-733 0-0196 
Man 1-17 0-138 1-08 3-84 — 


The effects of fluoride and cyanide are similar to 
those noted for the erythrocyte enzyme (Naganna & 
Menon, 1948): the enzyme is highly sensitive to low 
concentrations of fluoride, but relatively high con- 
centrations of cyanide are necessary to produce in- 
hibition. Definite toxic effects are also produced by 
formaldehyde in 2-5 x 10-*m concentration ; thismay 
indicate that the enzyme contains active amino 
groups (Gould, 1944). Cholate and tauroglyco- 


cholate were also tried, since it has previously been 
found that salts of bile acids may inhibit the alkaline 
phosphatase of brain (Fleischhacker, 1938). Brain 
pyrophosphatase, however, is relatively unaffected 
by these salts at the concentrations used. 


Comparison of phosphatases 
in different species 


Results of a series of estimations of the brain 
pyrophosphatase levels of several species, as com- 
pared with the brain phosphomonoesterases and 
erythrocyte pyrophosphatases, are shown in Table 2. 
Erythrocyte pyrophosphatase is expressed in terms 
of activity per 100 ml. whole blood. The activity of 
acetone-dried sheep erythrocyte preparation was 
also estimated, and it will be seen that a strong sus- 
pension (20 mg./ml.) of this powder did not exhibit 
any marked effect; the activity was apparently 
destroyed by the acetone treatment. 


) 
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Values of brain pyrophosphatase activities in the 
different species, both absolutely and relatively to 
the other phosphatases, showed wide variations. 
Generally, however, the levels of pyrophosphatase 
were higher than those of the phosphomonoesterases, 
except with the rabbit. A strict comparison between 
pyrophosphatase levels of brain tissue and of ery- 
throcytes was not possible, but values of approxi- 
mately the same order were found, except with the 
rabbit, where the erythrocyte enzyme was clearly 
present in considerably greater strength than in the 
brain. 

DISCUSSION 


The present work suggests that the pyrophosphatase 
of brain tissue resembles the pyrophosphatases of 
yeast and erythrocytes in many respects, especially 
in the effects of inhibitors, and to some extent in the 
factors of magnesium activation and optimal pH 
range, in spite of certain small differences. The 
difference between the brain and erythrocyte 
enzymes is, however, evident from the fact that the 
former can be isolated by acetone precipitation, 
while such treatment destroys the erythrocyte 
activity. 

The effects of inhibitors show that the brain pyro- 
phosphatase contains active thiol groups within its 
structure, and possibly active amino groups also. 

It is important to consider the possible physio- 
logical role played by pyrophosphatase in brain 
function. No deductions regarding its relative im- 
portance may be drawn from the values given in 
Table 2, as these vary widely. It is conceivable, 
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however, that the enzyme may exercise some function 
in connexion with phosphorylation processes. Cori 
(1942) has mentioned experiments in which in- 
organic pyrophosphate was detected in rat-liver 
preparations after aerobic oxidation of glutamate, 
pyruvate and succinate, while Cross, Taggart, Covo 
& Green (1949) have deduced that inorganic pyro- 
phosphate is formed as a decomposition product in 
the phosphorylation reactions taking place under the 
influence of the cyclophorase system. It remains to 
be seen, however, what part is played by pyro- 
phosphatase itself in the chain of reactions governing 
phosphorylation mechanisms. 


SUMMARY 


1. A description is given of the properties of the 
magnesium-activated pyrophosphatase in prepara- 
tions from brain tissue. 

2. The enzyme is strongly inhibited by various 
substances which react with thiol groups, and by 
calcium ions, formaldehyde and fluoride: It is also 
inhibited to some extent by cyanide, but is relatively 
unaffected by cholate and tauroglycocholate. 

3. Activities of brain pyrophosphatase in several 
species are compared with those of the brain phos- 
phomonoesterases and with corresponding erythro- 
cyte pyrophosphatases. 

The author expresses his indebtedness to Dr M. Reiss, 
Head of the Department, for his interest in the work, and to 
Mr R. J. Everson for valuable technical assistance. Thanks 
are also due to Dr D. F. Early, Senior Psychiatric Physician, 
for post-mortem specimens of human cerebral cortex. 
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Are Phospholipins Transmitted through the Placenta? 


By G. POPJAK anp MARIE-LOUISE BEECKMANS 
National Institute for Medical Research, London, N.W. 3 


(Received 26 July 1949) 


It was shown in a previous investigation (Popjak, 
1947), with the aid of *P, that all foetal tissues in the 
rat, rabbit and guinea pig synthesize phospholipins. 
The results suggested that most, if not all, the foetal 
phospholipins are obtained by synthesis within the 
foetus. The possibility, however, that a small 
amount of phospholipin preformed in the mother 
might pass through the placenta could not be ex- 


cluded. The experiments reported here were de- 
signed to probe this question. It will be shown that, 
although the foetal placenta takes up large amounts 
of phospholipins from the maternal circulation, it 
does not transmit to the body of the foetus detectable 
amounts of phospholipins. A preliminary account 
of this work has been given to the Biochemical Society 
(Popjak & Beeckmans, 1949). 
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METHODS 


Three pregnant rabbits were used for the experiment: (1) on 
the eighteenth, (2) on the twenty-third, and (3) on the 
twenty-eighth day of pregnancy. These three dates during 
the rabbit’s gestation mark three stages in the development 
of the placenta; on the eighteenth day the placenta is of the 
haemochorial, on the twenty-third of the haemomesothelial 
and on the twenty-eighth day of the haemoendothelial type. 
These changes mean the gradual disappearance of cell 
layers between the foetal and maternal circulation, until in 
the haemoendothelial placenta there is but one layer, the 
endothelium of the foetal capillaries, between the two circu- 
lations. These three dates were chosen in order to see if there 
is any detectable change in the permeability of the placenta 
in the course of its development. The exact morphological 
changes were not known to us at that time and we are in- 
debted to Prof. Amoroso for drawing our attention to these. 
Our choice of dates thus has been more fortunate than 
deliberate. 

The rabbits were injected with 10, 15 and 20 ml. of a 
serum containing phospholipins labelled with **P. 


Preparation of serum with labelled phospholipins 


Three rabbits were made slightly lipaemic by the oral 
administration of amorphous cholesterol suspended in 
water (cf. Popjaik, 1946a). Cholesterol (1 g.) was given to 
the animals every other day during a 10-day period. On the 
eighth day of the cholesterol treatment they were injected 
intravenously with 1-5 me. and on the ninth day with 1 me. 
of carrier-free Na,H**PO, made up in 0-9% NaCl. On the 
tenth day the rabbits, under nembutal-ether anaesthesia, 
were bled from the aorta and the sera obtained were pooled. 
The pooled serum was dialysed at 0° first against several 
changes of m/15 PO,-— buffer, pH 7-4, for 3 days and then 
against 0-9% NaCl for 1 day. The purpose of the dialysis 
was to remove inorganic and other phosphates of small 
molecular size, which became labelled with **P. The 
cholesterol-lipaemia was induced before the administration 
of #2P, because it was found that the specific activity of the 
plasma-phospholipin P in such lipaemic animals may be 
three or four times as high as in normal rabbits 24 hr. after 
the injection of Na,H**PO, (Popjak, unpublished observa- 
tion). The serum was centrifuged and warmed to body 
temperature before injection. 


Treatment of the experimental (pregnant) animals 


Blood (10-15 ml.) was withdrawn from the pregnant 
animals immediately before the intravenous injection of the 
labelled serum. Then 2 hr. after the injection they were 
anaesthetized with nembutal and ether and after opening 
the abdomen the foetuses were delivered through an incision 
made along the antimesometrial surface of the uterine horns. 
Care was taken to avoid contamination of the foetuses with 
maternal blood. 


Preparation of tissues for extraction 


In order to avoid, as well as possible, contamination of 
tissue phospholipins with phospholipins of blood, the tissue 
samples were sliced thinly and blotted between filter paper 
by applying pressure to the slices. The placentae were freed 
from the membranes and the foetal and maternal portions 
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torn apart; only the foetal portion being used for the in- 
vestigation. The tissues freed from blood were dropped into 
solid CO,-acetone mixture and then ground to a fine powder 
in a chilled steel mortar; 2-3 g. of the tissue powder were 
extracted with 10% ice-cold trichloroacetic acid by shaking 
for 2 min. and the inorganic PO,-—~ precipitated from the 
filtered extract as NH,MgPO,. In two experiments (see 
Tables 1 and 4) the acid-soluble phosphates were fraction- 
ated as described by Kaplan & Greenberg (1944) in order to 
obtain samples of tissue glycerophosphate for radioactive 
assay. 

For the preparation of phospholipins 1-5 g. of tissue 
powder were extracted with boiling ethanol-ether (3:1, v/v) 
and the phospholipins separated as described before (cf. 
Popjak, 1946a). The precipitated phospholipins were dis- 
solved in moist ether and the solution, clarified by centri- 
fugation, was transferred to digestion flasks and the solvent 
evaporated off. The phospholipins were then digested with 
2 ml. conc. H,SO, and 10 drops of HNO, ; the digestion was 
completed by the addition of 5-10 drops of H,O, (100 vol., 
British Drug Houses Ltd., Microanalytical Reagent) re- 
peatedly as required. The inorganic PO,-—~ thus obtained 
was precipitated as NH,MgPO,. 

From the 18-day-old embryos only 394 mg. of liver (from 
five embryos) were obtained. This small amount of tissue 
could not be divided for separate extraction of inorganic P 
and of phospholipins, therefore the tissues were first ex- 
tracted with trichloroacetic acid to obtain inorganic PO,-—— 
and then the residue was further treated with ethanol-ether 
to obtain the phospholipins. 


Assay of **P 

The dried NH,MgPO, samples were dissolved in 0-5 or 
1-0 ml. 0-1 N-HCl and 0-2 ml. portions were pipetted on to 
nickel disks and dried under an infra-red lamp. Another 
portion was taken for the determination of P by the method 
of Allen (1940). A sample of phospholipin P prepared from 
the injected serum was used as standard. The radioactive 
counts were taken with a bell-shaped mica-window counter; 
the counts were corrected for background, and for counts 
lost due to the dead time of the quenching circuit used. The 
specific activities are expressed as counts/min./mg. P. 
Since the **P assays in each experiment were carried out on 
different days, the activities as shown in the Tables are all 
corrected for one particular day. 


ARGUMENT 


When a pregnant rabbit is injected with labelled 
inorganic PO,-—-, the specific activity of the phos- 
pholipin P in the maternal liver is at most 5 % and in 
the foetal tissues (foetal placenta, liver and carcass) 
5-15 % of the specific activity of the inorganic P in 
the corresponding tissues. In order to illustrate this, 
we record in Table 1 the results of one experiment in 
which a twenty-eight-day pregnant rabbit was in- 
jected with Na,H**PO,. The figures show (column 5, 
Table 1) that 2 hr. after the injection the activities 
of the tissue phospholipins were in the range men- 
tioned, although in this experiment the activity of 
the foetal-liver phospholipins was somewhat lower 
than in others not shown here. 
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Table 1. Specific activities of inorganic, glycerophosphate and phospholipin phosphorus 
in maternal and foetal tissues after intravenous injection of Na,H**PO, to the mother 


(100 pe. of Na,H**PO, injected into the mother on the twenty-eighth day of pregnancy. Specific activities determined 


2 hr. after injection.) 


Specific activities (radioactive counts/min./mg. P) 


Ill Ill Il 
Inorganic Glycerophosphate Phospholipin ' — a - re ” 

y r P 

(I) (II) (IIT) 
Maternal liver 25,400 11,500 626 2-46 5-44 45-3 
Foetal placenta 17,320 11,450 2,160 12-47 18-80 66-0 
Foetal liver 17,280 9,280 587 3-40 6-34 53-7 
Foetal carcass 4,180 2,680 215 5-14 8-03 64-1 


We argued therefore, that, if after the injection of 
labelled phospholipins (instead of inorganic PO,-——) 
the specific activity of the phospholipin P were to 
exceed the activity of the inorganic P in any of the 
organs examined, definite proof would be obtained 
that whole phospholipin molecules had been taken 
up from the maternal circulation. If the specific 
activity of the phospholipin P in the foetal tissues 
were at least higher than 15 % of the specific activity 
of the tissue inorganic P, the result would favour the 
view that whole phospholipin molecules have passed 
the placenta. 


RESULTS AND DISCUSSION 


The phospholipin and **P content of the serum used 
for the injection of pregnant animals is shown in 
Table 2. Of the total **P content, 67-3 % was associ- 
ated with phospholipins, 25-4% with phospho- 
proteins and 7-3 % with unidentified acid-soluble P. 
It has been shown by Taurog, Entenman & Chaikoff 
(1944) that plasma phospholipins consist chiefly of 
lecithin and a little sphingomyelin. For all practical 
purposes, therefore, we are concerned with the fate 
of intravenously injected labelled lecithin in preg- 
nant animals. 

The essential data of the experiments are given in 
Table 3. The striking feature of the results is that the 
specific activity of phospholipin P in the maternal 


liver and placentae in all three experiments was 
greater than the specific activity of the tissue in- 
organic P. These two organs have, therefore, taken 
up phospholipins unhydrolysed from the maternal 


Table 2. Properties of dialysed rabbit serum contain- 
ing **P-labelled phospholipins and used for in- 
jection of pregnant rabbits 

Total phospholipin phosphorus 5-96 mg./100 ml. 
Counts/min./ml. 
32P activity associated with: 


(a) phospholipins 14,100 
(b) acid soluble P 1,530 
(c) phosphoprotein 5,320 
Total **P content 20,950 


circulation. In the foetal liver and foetal carcass, 
however, the specific activity of the phospholipin P 
was 5-7-4 and 3-5—5-9 %, respectively, of the specific 
activities of the inorganic P. There is, therefore, no 
evidence to suggest that whole phospholipin moie- 
cules have been transmitted through the placenta to 
the body of the foetus. The radioactivity found in the 
phospholipins of the foetal liver and carcass were 
what one might expect from the radioactivity present 
in the inorganic PO,-—-. Itseems asingular property 
of the cells of placenta to imbibe phospholipins on 
the maternal side and yet not to allow their passage 
to the foetus ; a property which might be termed uni- 


Table 3. Specific activity of inorganic phosphorus and phospholipin phosphorus in tissues of pregnant rabbits 
after the intravenous injection of serum containing phospholipins labelled with **P 


(Specific activities were determined 2 hr. after injection and are expressed as radioactive counts/min./mg. P.) 


Day of pregnancy ... sess ao 8 23 28 
Wt. of mother (kg.) ... ae eee 3-16 3-08 
No. of foetuses dee aad eed aall 9 2 
Vol. of injected serum (ml.) saa 15 20 

———————— —_—— 

Specific activity of 
Inorganic Phospholipin Inorganic Phospholipin — ae 
F 2 

Maternal liver 162 582 186 638 194 1060 
Foetal placenta 2150 2328 1060 2185 1470 3025 
Foetal liver 1000 50 1057 78 870 62 
Foetal carcass 940 33 224 10-8 165 9-8 
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lateral ‘permeability ’. The liver of the adult animal 
is known to ‘secrete’ and absorb plasma phospho- 
lipins (Fishler, Entenman, Montgomery & Chaikoff, 
1943; Entenman, Chaikoff & Zilversmit, 1946). 

The unilateral ‘permeability’ of placenta to phos- 
pholipins is the parallel of what was found in an 
earlier investigation with cholesterol (Popjak, 19466) 
except that the cholesterol is mainly stored in the 
placenta, whereas phospholipins are vigorously 
metabolized. There does not seem to be any differ- 
ence in this respect between the placentae of 
the eighteen-day or twenty-eight-day pregnant 
rabbit; even the single cell layer between the foetal 
and maternal circulation in the haemoendothelial 
placenta of the twenty-eighth-day rabbit is sufficient 
to withhold the phospholipin molecules from the body 
of the foetus. However, there isa difference between 
the placentae at the different dates in respect of 
the speed with which they degrade phospholipins. 

It is impossible from the data to assess quanti- 
tatively the amounts of phospholipins taken up by 
the placenta from the maternal circulation, because 
an appreciable amount of the absorbed phospho- 
« lipins had already been degraded by the end of the 
experiment. A measure of phospholipin uptake by 
the placenta relative to the maternal liver, however, 
may be evaluated by the following calculation. 

Let f(t) =the specific activity of plasma phospho- 
lipins, a function of time as stated here; A and B= 
the total phospholipin P content of 1 g. liver and 
placenta respectively ; a and b= the amount of phos- 
pholipin P absorbed from the circulation by 1 g. of 
liver and placenta respectively. Assuming that the 
total phospholipin content of liver and placenta did 
not change significantly during the experimental 
period, the specific activity of the phospholipin P of 
liver (x) and of placenta (y) may be calculated by 


b 





and 


The ratio b/a=yB/xA then gives the amount of 
phospholipin P absorbed by the placenta relative to 
the maternal liver. The mean value of A is 1-3 mg./g. 
liver and of B, 0-6 mg./g. placenta. Taking the ob- 
served values of x and y from Table 3 we obtain for 
b/a 1-85 on the eighteenth day, 1-58 on the twenty- 
third day and 1-32 on the twenty-eighth day. 
Relative to the maternal liver, the placenta is more 
active in phospholipin uptake on the eighteenth day 
of pregnancy than on the twenty-eighth day, al- 
though even on the latter day it absorbs from the 
maternal circulation 30 % more phospholipins per g. 
weight than the maternal liver. The above estimates 
are undoubtedly the lowest limits, because the 
amounts of phospholipin which had been degraded 
in the tissues have been neglected in the calculation 
and the process of degradation in the placenta 
appears to be much faster than in the maternal liver. 
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The radioactivity associated with inorganic P in 
the maternal liver and placenta must have been 
obtained from (i) the decomposition of absorbed 
phospholipins, and (ii) of phosphoproteins. In the 
placenta a certain amount’of inorganic **P must have 
also been derived from the maternal circulation ; it is 
probable, however, that the major portion of in- 
organic **P in the placenta came from degraded 
phospholipins. Since on the eighteenth day of preg- 
nancy the specific activity of the morganic P in the 
placenta was about 90% and on the twenty-third 
and twenty-eighth days only about 50% of the 
specific activity of the phospholipin P, the eighteenth 
day placenta appears to have a greater ability to 
decompose phospholipins than the older ones. 

It has been shown (Popjék & Muir, 1949) that the 
P precursor and the first P-containing degradation 
product of lecithin and cephalin in the liver and 
placenta is glycerophosphate. It was, therefore, of 
interest to determine whether or not the glycero- 
phosphate in the placenta obtained from the de- 
gradation of lecithin is transmitted to the foetus. 
We have fractionated the acid-soluble phosphates of 
placenta and foetal liver from the twenty-eighth-day 
pregnant rabbit according to the method of Kaplan 
& Greenberg (1944), and have compared the specific 
activities of phospholipin P with that of glycero- 
phosphate and inorganic P. The results in Table 4 


Table 4. Specific activity of phospholipin, glycero- 
phosphate and inorganic phosphate in foetal pla- 
centa and foetal liver after the mother was injected 
intravenously with serum containing **P-labelled 
phospholipins 
(Twenty-eighth day of pregnancy. Specific activities 

were determined 2 hr. after injection, and are expressed as 

radioactive counts/min./mg. P.) 


Specific activity of 


Phospho- Glycero- Inorganic 
lipin P_ _— phosphate P r 
Foetal placenta 3025 2200 1470 
Foetal liver 62 409 870 


show that the order of events in the placenta must be 
phospholipn *P — glycerophosphate *%2P — in- 
organic **P and in the foetal liver the reverse. The 
radioactivity associated with glycerophosphate (as 
also with phospholipin) in the foetal liver is of the 
order of magnitude observed after the injection of 
inorganic *2PO,-—— into the mother (cf. Table 1), and 
therefore we have to infer that even glycerophos- 
phate does not pass through the placenta unhydro- 
lysed. We have no evidence yet as to the fate of the 
other degradation products of phospholipins in the 
placenta, i.e. fatty acids, glycerol and choline. We 
shall present, however, in another communication, 
data strongly suggesting that a certain amount of 
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fatty acids pass the rabbit placenta from mother to 
foetus and that these are stored in the foetal liver. 
This of course raises the problem of the mechanism of 
fatty acid transfer across the placenta. 

The results of our present investigation, taken to- 
gether with the earlier findings, lead to the inevit- 
able conclusion that all the phospholipins in the 
foetus (excluding placenta of foetal origin) are syn- 
thesized in situ from the necessary components and 
are not derived from the preformed maternal com- 
pounds. Nielson (1941—2) has injected pregnant rats 
with emulsions of **P-labelled phospholipins and 
found much less radioactivity in the foetuses than 
after the injection of inorganic *2PO,-—-. It was not, 
however, ascertained whether or not the injected 
phospholipins were first degraded outside the foetus. 
Another criticism of Nielson’s experiments has been 
given previously (Popjak, 1947). 

A further point which emerges from the data 
shown in Table 3 concerns generally the permea- 
bility of foetal cells to PO,-—— at different stages of 
development. On the eighteenth day the specific 
activity of the inorganic P of the foetal carcass (i.e. 
the whole foetus without its liver) was nearly the 
same as that found in the foetal liver, whereas on the 
twenty-third and ‘twenty-eighth days the former 
was only about one-fifth of the latter. This difference 
means that in the younger embryo all cells are uni- 
formly permeable to PO,-—-; with advancing differ- 


PHOSPHOLIPINS AND PLACENTA 


103 


entiation, however, the extrahepatic tissues become 
less permeable to PO,-—-, a condition approaching 
more closely that found in the adult animal, in which 
liver is the tissue most permeable to PO,-—-, and 
muscle and brain the least permeable. 


SUMMARY 


1. Three rabbits, on the eighteenth, twenty-third 
and twenty-eighth day of pregnancy, were injected 
with serum containing phospholipins labelled with 
32P, and the radioactivity of phospholipins was com- 
pared with that of imorganic phosphorus in the 
maternal liver, foetal placenta, foetal liver and 
carcass. 

2. The foetal placenta absorbs more phospholipin 
from the circulation than the maternal liver, but it 
does not transmit unhydrolysed phospholipin mole- 
cules to the foetus. Glycerophosphate, which is the 
first phosphorus-containing degradation product of 
lecithin in tissues, does not pass unhydrolysed 
through the placenta either. 

3. The placenta of the eighteenth-day pregnant 
rabbit is more active than that of the twenty- 
eighth day pregnant animal in the absorption and 
degradation of phospholipin. 

4. The cells of the 18-day-old rabbit embryo are 
uniformly permeable to phosphate ions, whereas in 
the 23- and 28-day-old foetus a condition more 
approaching that in adult animals is found. 
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In Search of a Phospholipin Precursor 


By G. POPJAK anp HELEN MUIR 
The National Institute for Medical Research, London, N.W. 3 


(Received 3 August 1949) 


It is well known that soon after the injection of in- 
organic *2PO,——~ to an animal both tissue and plasma 
phospholipins become labelled with **P. The bio- 
chemical reactions leading to the incorporation of 
inorganic PO,-—~ into phospholipin molecules, how- 
ever, are not known. The various possibilities and 
researches on this problem have been reviewed by 
Chaikoff (1942). This investigation aimed at finding 


the phosphorus precursor of phospholipins (i.e. of 
lecithin and kephalin). It is considered that glycero- 
phosphate or asubstance with very similar properties 
is now identified as such a precursor which enters 
into a reversible reaction in the synthesis of lecithin 
and kephalin. 

In studies of turnover of phospholipins under 
various experimental conditions with **P it is not 
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sufficient merely to determine the total amount of 
82P synthesized into phospholipins. Such a course 
might be very misleading. Since phospholipins are 
apparently synthesized intracellularly, the amount 
of *2P which will be found in the phospholipins of the 
tissues at a given time after the injection of inorganic 
82PQ,-—-, will depend first on the permeability of the 
cells to PO,-—- under the particular experimental 
conditions, and secondly on the velocity of the intra- 
cellular reactions. Any condition which would, for 
example, decrease the permeability of cells to PO,-—-, 
but would leave the intracellular reactions un- 
altered, would depress the incorporation of *?P into 
phospholipins, although the turnover rate of the 
latter had not changed. Such an error can be over- 
come by relating the specific activity of phospho- 
lipin P—at different time intervals after the in- 
jection of *?P—to that of tissue inorganic P (Hevesy 
& Hahn, 1940). Even such a measure would give 
only the overall reaction rate from inorganic PO,-—- 
to phospholipin, although several intermediate steps 
may be involved. If the P precursor of phospho- 
lipins is known, turnover rates could be determined 
accurately by studying the rate of conversion of the 
precursor into product. In addition, the knowledge 
of the precursor should give an insight into the bio- 
chemistry of phospholipin synthesis. 





Zilversmit, Entenman & Fishler (1943) have pre- 
sented the mathematical basis of the relationship 
between the specific activity of a precursor and its 
product in tracer studies. Their method can be used 
for calculation of the turnover time (and turnover 
rate) of a compound if its precursor is known. It 
can also be used to identify the precursor of a sub- 
stance among a number of suspects. These authors 
have shown that, when a single injection of the tracer 
substance is given, the specific activity, or isotope 
concentration-time curve, of the precursor and its 
product should be related to one another as shown in 
Fig. 1. When the specific activity of the product is at 
the maximum, it is equal to the specific activity of 
the precursor ; before this maximum the precursor is 
more and after the maximum it is less active than the 
product. In the derivation of this relationship three 
assumptions are made: (i) that the compound studied 
in the tissues is in a state of dynamic equilibrium, 
i.e. the amount of substance synthesized (and 
brought to the tissues) is equal to the amount of sub- 
stance degraded (and leaving the tissues); (ii) that 
‘the rate of appearance and disappearance of the 
compound must be constant during the experiment’ 
and (iii) that ‘the appearance and disappearance of 
all molecules of the compound must proceed at 
random, i.e. the organism does not distinguish 
between “old” and “‘newly formed”’ molecules’. It 
follows from these assumptions that the specific 
activity of the molecules formed at any time is equal 
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to the specific activity of their immediate precursor 
at that time and that the specific activity of the 
molecules which are being degraded is equal to the 
specific activity of the total amount of that substance 
present in the tissues. Zilversmit e¢ al. (1943) on the 
basis of these assumptions derived the following 
equation for the relationship between the specific 
activity of the precursor (A) and its product (B): 


rip (“S) =p) —an, (1) 
t 

where r=the total amount of substance (B) in 
tissues, constant; p=the rate of conversion of (A) 
into (B), constant; «=the total amount of radio- 
active (B) present at time ¢; f(t)=the specific 
activity of the precursor, a function of time. Then 
x/r =the specific activity of substance (B) at time ¢, 
and r/p=the turnover time of substance (B). 

By taking the definite integral of equation (1) 
between any two times, ¢, and ¢,, it can be shown that 
the turnover time (¢,;) of substance (B) is equal to the 
shaded area divided by m in Fig. 1. 





Specific activity 





Time after injection 


Fig. 1. Relationship between the specific activity of pre- 
cursor and of product after Zilversmit et al. (1943). It 
can be shown mathematically that the turnover time (é,) 
of the product is equal to the shaded area divided by m. 


These principles have been applied in this investi- 
gation in order to find out whether the immediate 
P precursor of phospholipins could be identified 
among the acid-soluble P fractions of liver. 


METHODS 


Albino rats (200-250 g.) in groups of four to six were in- 
jected subcutaneously with Na,HPO, labelled with **P. The 
members of a group were killed at different intervals 
(45 min.—24 hr.) after the injection. The specific activity of 
the injected PO,-—- varied between 0-5 and 1-0 me. *P/ 
25 pg. of total P. The total radioactive dose injected per rat 
was 10yc. and therefore the weight of injected P was 
negligible. At the required interval after the injection of 
32P, the rats were given intraperitoneally a lethal dose of 
nembutal and when they were still alive but deeply an- 
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aesthetized, the liver was cut out, the blood wiped from it 
and the liver dropped into a freezing mixture of solid CO, 
and acetone. The frozen liver was ground to fine powder in 
a steel mortar chilled with solid CO,-acetone. 

Extraction of phospholipins. Approximately 2g. of the 
powdered liver were extracted four times with boiling 
ethanol-ether (3/1, v/v). The filtered and combined extracts 
were evaporated to dryness under reduced pressure in an 
atmosphere of N, at a temperature not exceeding 40°. The 
residue was extracted with light petroleum (b.p. 40-60°). 
The petroleum solution was clarified by centrifuging and 
then concentrated to about 5 ml. The phospholipins were 
precipitated by 20 ml. of ice-cold acetone and 3 drops of 
ethanol saturated with MgCl,. After centrifuging, the phos- 
pholipins were taken up again in light petroleum and re- 
precipitated; they were then dissolved in ether saturated 
with water. Only the phospholipins soluble in ether 
(lecithin and kephalin) were investigated. 


Trichloroacetic acid extract 
+Ba(OH), to pH 8-3 


Precipitate 
(inorganic PO,, adenosine- 
triphosphate, residue in- 
soluble in dilute HCl) 

Fraction I Precipitate 
(adenylic acid) 
Fraction IT 


Precipitate 
(? residual inorganic 


PO,—, ? phosphoglyceric 


acid) 
Fraction III 


Precipitate 
(mainly «- and B- 
glycerophosphate) 

Fraction IV 
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Fractionation of acid-soluble phosphates of liver. The ex- 
traction and fractionation of the acid-soluble phosphates 
from 3-5 g. of the powdered liver was carried out as de- 
scribed by Kaplan & Greenberg (1944). This procedure is 
shown schematically in Fig. 2. 

We present in Fig. 3 the specific activity-time curves for 
inorganic P (precipitated as MgNH,PO, from fraction I), 
adenylic acid P (Hg precipitate, fraction II), the Pb pre- 
cipitate (fraction III), the ethanol precipitate (fraction IV), 
and for phospholipin P. 

Assay of **P. The various P fractions dissolved in 0-1 N- 
HCl were made up to 10 or 25 ml. and their radioactivity 
measured with a cylindrical Geiger-Miiller counter sur- 
rounded by a fixed sleeve to hold solutions (Veall, 1948). 
After radioactive assay the P content of the solutions was 
determined by the method of Allen (1940). The specific 
activities (radioactive counts/min./mg. P) shown in Figs. 3 
and 4 are expressed as the percentage of radioactive counts 


Solution + 
acetic acid + 
Hg acetate 
Solution 
+Pb acetate 
Solution 
+ethanol 








Solution 
discarded 
practically free 
from P 


Fig. 2. Fractionation of acid-soluble phosphates of liver according to Kaplan & Greenberg (1944). 


Purification of phospholipins. In order to remove any 
contamination by other compounds containing **P, the 
ethereal solution of phospholipins (usually about 10 ml.) 
was shaken with 2 ml. of 0-05N-HCl. The washing was re- 
peated three times with the same volume of distilled water, 
the aqueous layer being separated by centrifuging. In the 
course of this procedure part of the phospholipins separated 
out as a jelly. This, however, could easily be redissolved by 
adding acetone to the moist-ether solution (usually $-$ vol. 
of acetone to 1 vol. of ether). It was ascertained that the 
above process of purification effectively removed all con- 
taminating *2P from the phospholipins. This procedure was 
of particular value in in vitro experiments with tissue slices. 

The purified solution of phospholipins was transferred to 
digestion flasks and the solvent evaporated off. The phos- 
pholipins were digested with 2 ml. of cone. H,SO, and 10 
drops of conc. HNO,. The digestion was completed by the 
addition of 5-10 drops of H,O, (100 vol., Microanalytical 
Reagent, British Drug Houses Ltd.) repeatedly if required. 
The inorganic PO,-—- thus obtained was precipitated as 
MgNH,PO,. 


injected/100 g. body weight. A suitable dilution (2-5 yc./1.) 
of the injected **P solution served as standard during radio- 
active assays. 


RESULTS 


The results of the first set of experiments, in which 
the search for a possible P precursor of phospholipin 
was made, are summarized graphically in Fig. 3. 
Each point in this figure is the mean of two experi- 
ments. The specific activity-time curve for the 
labile P of adenosinetriphosphate followed closely 
that of the inorganic P (curve A, Fig. 3) and, like the 
latter, remained above the specific activity-time 
curve of phospholipins. Neither of these substances 
could, therefore, be the immediate P precursor of 
phospholipins. In fact the only fraction of which the 
specific activity-time curve fulfils the criteria for the 
immediate P precursor of phospholipins is the 
ethanol precipitate (curve C, Fig. 3). When the 
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specific activity-time curve of phospholipins (curve 
E, Fig. 3) reached its maximum, it cut the curve of 
the ethanol precipitate; before this maximum had 
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which resisted hydrolysis by alkali, and that the rate 
of its hydrolysis by acid was similar to that of gly- 
cerophosphate. 











Time after injection of 32P (min.) 


Fig. 3. Specific activity-time curves of liver acid-soluble P fractions and of phospholipin P in rats after a single sub- 
cutaneous injection of 10uc. of Na,H*?PO,. A, inorganic P; B, Pb precipitate; C, ethanol precipitate; D, Hg pre- 
cipitate; Z, phospholipin P. Specific activities (counts/min./mg. P) are expressed as the percentage of radioactive 


counts injected/100 g. rat. 


been reached the specific activity of the phospho- 
lipin P was lower and after the maximum higher than 
that of the ethanol precipitate. 

It remained, however, to prove unequivocally that 
this ethanol-precipitate indeed contained the specific 
P precursor of phospholipin P, since it was possible 
that the relationship of the two curves was merely 
fortuitous and also that the fraction was far from 
homogeneous. 

The immediate problem was to identify this sus- 
pected precursor. Kaplan & Greenberg (1944) showed 
that the ethanol precipitate was an organic ester 


Identification of the acid-soluble, 
ethanol-precipitable P of liver 


A rat (300 g.) was injected subcutaneously with 
150 pe. of Na,H **PO, and was killed 24 hr. after in- 
jection. We prepared from the trichloroacetic acid 
extract of the whole liver the ethanol-precipitable P 
after the other fractions, the Ba, Hg and Pb precipi- 
tates, had been removed. Theethanol precipitate was 
dissolved in dilute HCl. The solution, after removal 
of metals, was made up to 25 ml. The total P and **P 
content of the solution was determined on a small 
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sample. Two 10 ml. portions were then taken and 
after neutralization with Ca(OH),, in one of them 
there were dissolved 497-2 mg. of pure inactive 
Ca-x-glycerophosphate and in the other 371-9 mg. of 
Ca-B-glycerophosphate. The glycerophosphates from 
each solution were then crystallized from boiling 
solutions; the radioactivity of the crystalline 
materials could not be reduced any further after the 
second recrystallization. The probable reason for the 
rapid purification is that the Ca-glycerophosphates 
have an inverse solubility and hence are crystallized 
from boiling solution in which the other phosphates 
are more soluble. 

Table 1 summarizes the results and shows that 
75% of the radioactivity present was attributable 
to glycerophosphates. Of the glycerophosphate, 
70 % was in the «- and 30% in the B-form. The 25% 
of the radioactivity unrecovered from the solution 
was not identified. 


Table 1. Crystallization of **P-labelled glycerophos- 
phate with carrier glycerophosphate from acid- 
soluble, ethanol-precipitable phosphorus of liver 


Total P content in 10 ml. sample (mg.) 0-58 
Counts/min. 
Total **P counts in 10 ml. sample 76,840 
Activity recovered in «-glycerophosphate 39,776 
Activity recovered in £-glycerophosphate 17,620 
Total glycerophosphate activity 57,396 
Unidentified 19,444 


Since the specific activity of the glycerophos- 
phates and of the unidentified PO,-—— present in the 
original biological material was not known, the 75 % 
of radioactivity recovered with glycerophosphates 
could not be said to represent 75 % of the total P in 
the solution. It seems probable, however, that this 
is the case, because the specific activities of all acid- 
soluble P fractions in the liver of an animal are very 
nearly the same 24 hr. after the injection of inorganic 
SEO 7. 

It was ascertained that most of the «-glycero- 
phosphate found in the preparation was originally 
present in the tissues as such, and did not result 
from a conversion of f- into a-glycerophosphate 
during the fractionation. A solution of pure Na-f- 
glycerophosphate in 5% trichloroacetic acid was 
treated in exactly the same way as the biological 
material. A periodate titration at the end of the 
procedure showed only a 7% conversion of f- to «- 
glycerophosphate. 


Experiments in vivo with labelled glycerophosphate 


It was considered that more definite proof than 
had so far been obtained was required to establish 
that glycerophosphate is indeed the P precursor of 
phospholipins. Glycerophosphate (both « and ) 
labelled with ®*P was therefore synthesized and used 
for injecting into rats. 
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The *2P-labelled Ca-«-glycerophosphate was syn- 
thesized by the method of King & Pyman (1914) and 
Ca-B-glycerophosphate by the method of Poulenc 
(1911). The PO,-—— used in the synthesis was labelled 
with **P. The Ca salts were converted to the Na salts 
before injection. 

The results obtained with «- and B-glycerophos- 
phate were similar in every respect, and therefore 
only one set of experiments with «-glycerophosphate 
are presented. The «-glycerophosphate synthesized 
had a specific activity of 0-79 uc./mg. glycerophos- 
phate on the day of the experiment. Six rats were 
injected intraperitoneally at the same time with 
12-3 mg. of Na-a«-glycerophosphate containing a 
total of 10 ye. of **P. The further experimental treat- 
ment was the same as for the animals injected with 
Na,H*?PQ,. 

The results are shown in Fig. 4. A comparison 
with Fig. 3 reveals that the relationship between the 
specific activity-time curves of the various fractions 
from the liver is the same as after the injection of 
inorganic *2PO,-—-. Even at the shortest interval 
(30 min.) after the injection, the inorganic P had the 
highest specific activity, indicating that unhydro- 
lysed glycerophosphate did not enter into liver cells. 
If glycerophosphate had been absorbed unhydro- 
lysed by liver cells, the highest specific activity 
should have been found in the ethanol precipitate. 


Experiments in vitro with liver slices incubated 
with *2P-labelled substrates 


A number of experiments were carried out with 
liver slices incubated with **P-labelled substrates. It 
was hoped that by flooding the slices with large 
amounts of substrates, penetration of these into 
liver cells and evidence for a specific phospholipin 
precursor might be obtained. 

The following substances labelled with *2P were 
tested: «- and £-glycerophosphate, glucose-1- 
phosphate, glucose-6-phosphate, muscle adenylic 
acid and adenosinetriphosphate. 

Preparation of labelled compounds. «- and f- 
Glycerophosphate were synthesized by the methods 
already cited. 

Glucose-1-phosphate was prepared by incubation of 
starch with PO,-—- and potato phosphorylase 
according to the method of Sumner & Somers (1944). 
The PO,-—~ in the incubation mixture was labelled 
by the addition of carrier-free *2=PO,-—-. The specific 
activity of the glucose-1-PO, preparations varied 
from 6 to 25 pe. **P/100 mg. of compound. 

Glucose-6-phosphate was obtained by the enzymic 
conversion of glucose-1-?2PO, as described by Colo- 
wick & Sutherland (1942). 

Adenosinetriphosphate and muscle adenylic acid 
were prepared according to the method of Lohmann 
(1931) from the muscle of one rabbit which was in- 
jected daily for 1 week with 200 ye. *2=PO,-—-. The 
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specific activity of the labile P of adenosinetri- 
phosphate was 29 x 10° counts/min./mg. P, and that 
of adenylic acid 2000 counts/min./mg. P. 

The incubation medium for the liver slices was a 
bicarbonate-Ringer solution (Krebs & Henseleit, 
1932), pH,7-4, with 0-5 % added glucose. Slices of 
approx. 1 g. obtained from the same liver were used 
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in excess of what is described by Krebs & Henseleit 
(1932), especially when organic substrates of low 
specific activity were used in the experimental 
vessels. The slices were incubated for 1—4 hr. 

The results of two typical experiments (one with 
glycerophosphate and one with glucose-1-PQ,) are 
shown in Figs. 5 and 6; but all of them can be sum- 
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Fig. 4. Specific activity-time curves of liver acid-soluble P fractions and of phospholipin P in rats after a single intra- 
peritoneal injection of 12-3 mg. of **P-labelled Na-«-glycerophosphate containing a total of 10 uc. of **P. A, inorganic 


P; B, Pb precipitate; 


C, ethanol precipitate; D, Hg precipitate; H, phospholipin P. The specific activities 


(counts/min./mg. P) are expressed as the percentage of radioactive counts injected/100 g. rat. 


for controls and for the experiment. The chemical 
composition and the total **P content of the control 
and the experimental mixtures were the same, but in 
the controls all **P was initially present as inorganic 
PO,-—~ and in the experiments the **P was contained 
as labelled organic substrate. In some cases, the 


specific activity of the P (counts/min./mg. P) were 
identical in both. This latter condition, however, 
often necessitated the addition of inorganic-PO,--— 


marized briefly. No evidence was obtained that any 
of the substrates tested might be used preferentially 
in phospholipin synthesis. All these substances were 
rapidly hydrolysed by liver slices and the results 
could be explained satisfactorily by assuming that the 
liberated inorganic *2PO,--~ entered the liver cells 
and started its cycle in the internal P metabolism of 
the cell, in the course of which it also became syn- 
thesized into phospholipins. 


| 
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medium in control vessels: Krebs-Henseleit solution, pH 7-4, 100 ml.+0-5% glucose +50 mg. inactive Na-«-glycero- 

phosphate + 0-22 ml. saline containing 20c. carrier-free Na,H®*PO,; in experimental vessels: Krebs-Henseleit 

solution 100 ml. + 0-5% glucose + 50 mg. (=20 yc.) **P-labelled Na-x-glycerophosphate + 0-22 ml. saline. The mixtures 

were saturated with 95% O,+5% CO,. Volume of incubation mixture in each vessel was 25 ml. to which 2 g. (moist 
wt.) of liver slices were added. (a) Specific activity of phospholipin P shown as observed radioactive counts/min./mg. P; 
© control; @ experimental. (b) Specific activity of phospholipin P expressed as percentage of average specific 
} activity of inorganic P in the control vessels (©), and as percentage of specific activity of the added glycerophos- 
phate P in the experimental vessels (@). (c) Specific activities of inorganic P in the control (©) and in the 
experimental vessels (@) and of glycerophosphate P in the experimental vessels (- - - - - ). The falling specific activity 
of inorganic P in the control vessels was due chiefly to hydrolysis of added glycerophosphate. (d) Rate of 
hydrolysis of «-glycerophosphate by liver slices in control and experimental vessels. 
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Fig. 5. Synthesis of phospholipins by liver slices in vitro with **P-labelled substrates. Composition of incubation 
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Fig. 6. Synthesis of phospholipins by rat-liver slices in vitro with **P-labelled substrates. Composition of incubation 


medium in control vessels: Krebs-Henseleit solution, pH 7-4, 50 ml.+0-5% glucose+0-5 ml. of 0:9% NaCl 
containing 10 uc. of carrier-free Na,H**PO,+38-6 mg. unlabelled glucose-1-PO,; in experimental vessels: Krebs- 
Henseleit solution, 50 ml. +0-5% glucose +0-5 ml. 0-9% NaCl+38-6 mg. (=10yc.) glucose-1-*PO,. The mixtures 
were saturated with 95% O,+5% CO,. Volume of medium in each vessel was 10 ml. with 0-7 g. of liver slices 
added. Incubation period 2-4 hr. at 37°, two vessels being used for each period. (a) Observed specific activities of 
phospholipin P in the control (©) and in the experimental vessels (@). () Micrograms of newly synthesized phos- 
pholipin P/mg. of phospholipin P present in the slices. It has been assumed in the calculation of these figures that 
in the control slices (©) the synthesis took place with inorganic **P and in the experimental vessels (@) with the 
**P of glucose phosphate. (c) Specific activity of inorganic P in the control (©) and experimental (@) vessels. 
(-- -- -) shows the specific activity of the P of added glucose-1-**PO,. Since the conversion of the 1- to 6-ester does 
not involve the inorganic-PO,-—— of the medium, the specific activity of the latter was the same as that of the 
former. (d) P-content (ug. P/ml.) of incubation medium. © glucose-1-PO,; @ glucose-6-PO, resulting from 
conversion of the l-ester; /\ inorganic P obtained from hydrolysis of glucose phosphate. 
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Evidence for a reversible reaction between phospho- 
lipins (lecithin and kephalin) and glycerophosphate 


A short interval (up to 10-15 hr.) after the in- 
jection of inorganic **PO,  , thespecific activities of 


Table 2. Specific activity of phospholipin, glycero- 
phosphate and inorganic phosphorus in placenta and 
liver of pregnant rabbit after intravenous injection of 
serum containing **P-labelled phospholipins. 


(Serum (20 ml.) injected on twenty-eighth day of preg- 
nancy. This serum contained 5-96mg. phospholipin 
P/100 ml.; of the total **P content (approximately 2 x 104 
counts/min./ml.), 67-3% was associated with phospholipins, 
25-4% with phosphoproteins and 7-3% with unidentified 
acid-soluble P. (For the preparation of this serum see 
Popjak & Beeckmans, 1950.) Specific activities determined 
2hr. after injection and expressed as radioactive counts/ 


min./mg. P. 
or Specific activity of 
A 





Cee 7 
Phospho- Glycero- Inorganic 
lipin P phosphate P r 
Foetal placenta 2880 2090 1395 
Maternal liver 1009 137 184 


inorganic P (I), glycerophosphate P (II) and phos- 
pholipin P (IIL) of tissues in descending order are: 
I>II>III. It was thought, therefore, that if the 
reaction between phospholipin and its precursor is a 
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reversible one, and if this precursor is really glycero- 
phosphate, then, after the intravenous injection of 
32P-_labelled phospholipins, the specific activities of 
the P fraction mentioned should be in the following 
order: III>II>I. This argument of course should 
apply only to tissues which absorb phospholipins 
from the blood and also metabolize them. 

It was found (Popjék & Beeckmans, 1950) that 
the rabbit placenta absorbs large amounts of phos- 
pholipins from the maternal circulation and that it 
also degrades them rapidly. Table 2 shows that 2 hr. 
after the injection of a serum containing **P-labelled 
phospholipins to a 28-day-pregnant rabbit, the 
specific activity of the phospholipin P was 2880 
counts/min./mg., of the glycerophosphate P 2090 
counts/min./mg. and of the inorganic P 1395 counts/ 
min./mg. In the liver of this animal, however, the 
inorganic P was more active than the glycero- 
phosphate P, although the phospholipin P had the 
highest specific activity. In view of the fact, how- 
ever, that the injected serum contained an appreci- 
able amount of **P-labelled phosphoprotein and a 
little acid-soluble *2P beside phospholipin **P it 
seemed very likely that the higher activity of the 
liver inorganic P was attributable to rapid degrada- 
tion of absorbed phosphoprotein in addition to that 
of glycerophosphate. To eliminate this unwanted 
factor we prepared emulsions of lecithin and kephalin 
labelled with *2P and used them for intravenous 
injection of rabbits. 


Crude phospholipin precipitate 


dissolved in ether 


Insoluble part 
rejected 


Phospholipin reprecipitated 


with acetone 


| 
Precipitate emulsified with 


water and reprecipitated 
with acetone 


| 
Packed precipitate ex- 


Solution (crude lecithin) 
concentrated in vacuo and 
reprecipitated with acetone 

Precipitate dissolved in 

ether 


| 
4vol. ethanol added and 
kept at —10° for 24 hr. 


Precipitate 
discarded 


fied with 0-9% 


tracted with ethanol 
at —10° 


Insoluble part (crude 
kephalin) dissolved in 
ether 


| 
Precipitated with ethanol 
Precipitate dried and emul- 


sified with 0-:9% NaCl; 
‘kephalin preparation’ 


Solution concentrated in 


vacuo and lecithin repre- 
cipitated with acetone. 
Dried precipitate emulsi- 
NaCl; 
‘lecithin preparation’ 


Fig. 7. Preparation of lecithin and kephalin. 





Preparation of **P-labelled lecithin and 
kephalin from liver 





A 2-5 kg. rabbit was injected intravenously with 
1-7 me. of carrier-free Na,H*®*PO, in isotonic saline 
and was killed 24 hr. later. The liver of the animal 
was cut into slices, blotted with filter paper and 
frozen in solid CO,-acetone mixture. It was then 
ground to fine powder in a chilled steel mortar. First 
the crude phospholipins were obtained as described 
under ‘Methods’. The separation of lecithin and 
kephalin was carried out by differential precipita- 
tions based on methods described by Maclean & 
Smedley-Maclean (1927). This is shown diagram- 
matically in Fig. 7. The final lecithin and kephalin 
preparations were emulsified with 0-9% NaCl by 
grinding; the crude emulsions were then subjected to 
ultrasonic waves of 300 kceyc./sec. frequency for 
15 sec. Although these lecithin and kephalin pre- 
parations may still have been impure, nevertheless 
the kephalin preparation was free from choline as 
tested by the method of Entenman, Taurog & 
Chaikoff (1944), and gave a N/P ratio of 1/1; the 
lecithin preparation gave a choline/P ratio (molar) of 
0-9, but the N/P ratio was 1-59 indicating the 
presence of nitrogenous impurities. The specific 
activity of lecithin P was 6-8 x 10° counts/min./mg. 
and that of kephalin P 4-56 x 10° counts/min./mg. 

Treatment of experimental animals. One rabbit 
(no. 33, 2-04 kg.) was injected intravenously with 
2ml. of lecithin emulsion containing a total of 
177 pg. of lecithin P and 1-2 x 10° counts/min. One 
hour after the injection the rabbit was anaesthetized 
with nembutal and ether, and a lobe of liver removed 
for extraction of lecithin and kephalin and for 
fractionation of acid-soluble P. The animal was 
allowed to survive under the anaesthetic for a 
further 30 min., when the rest of the liver was 
removed. 


Table 3. Specific activity of liver phosphorus fractions 
after the injection of emulsions of **P-labelled 
lecithin and kephalin 


(Rabbit 33 was injected with a lecithin emulsion contain- 
ing a total of 12 x 10*%*P counts/min. Rabbit 34 was in- 
jected with a kephalin emulsion containing a total of 
7-5 x 104 =P counts/min.) 


Rabbit 33 Rabbit 34 
Time after injection (min.) 72 97 72 


(=P counts/min./mg. P) 


Lecithin P 676 652 310 
Kephalin P 360 348 692 
Glycerophosphate P 115 144 129 
Inorganic P 61 101 74 


Another rabbit (no. 34, 2-28 kg., the litter mate of 
no. 33) was injected with 3ml. of the kephalin 
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emulsion containing a total of 75 x 10* **P counts/ 
min. and 165 yg. of kephalin P. This experiment was 
concluded 1 hr. after the injection. 

For the fractionation of lecithin and kephalin 
from the liver of these two rabbits the same methods 
were used as for the preparation of phospholipins 
from the donor animal. 

The results of these two experiments are shown in 
Table 3 and confirm those obtained with the placenta 
(cf. Table 2), and further show that the first P- 
containing degradation product of both lecithin and 
kephalin is glycerophosphate. 


DISCUSSION 


It has been shown by in vivo experiments, using the 
technique of Zilversmit et al. (1943), that after the 
injection of inorganic *2PO,-—~ into rats the only 
part of the acid-soluble P fraction, which fulfilled the 
mathematical criteria for an immediate P precursor 
of lecithin and kephalin, was the ethanol precipit- 
able P. This fraction was identified as consisting 
mainly of «- and B-glycerophosphate. 

Zilversmit, Entenman & Chaikoff (1948), in a 
recent article, also concluded that glycerophosphate 
is the immediate P precursor of phospholipins. They 
injected dogs with inorganic **PO,-—-, took liver 
biopsies at intervals up to 16 hr. after the injection 
and hydrolysed the acid-soluble P compounds for 
3 hr. with NaOH. They found that by its specific 
activity-time curve the alkali-stable P compound 
fulfilled the criteria for a precursor of phospholipins. 
The relationship between the specific activity-time 
curve of this alkali-stable organic P compound and of 
lecithin P was the same as the relationship in our 
experiments between the ethanol-precipitable P and 
phospholipin P. Zilversmit et al. (1948), by using the 
periodate method, concluded that 70% of their 
alkali-stable P was glycerophosphate. They have 
further shown that in choline-treated animals in 
which the specific activity-time curves of lecithin P 
and glycerophosphate P were significantly altered, 
the latter still retained the characteristics of a pre- 
cursor of the former. 

It has further been shown by the injection of **P- 
labelled phospholipins that in the liver and placenta 
of rabbits the first P-containing degradation product 
of lecithin and kephalin is glycerophosphate. It is 
inferred, therefore, that the reaction between glycero- 
phosphate and phospholipins is reversible. 

In neither in vivo nor in vitro experiments could it 
be demonstrated that there was a higher incorpora- 
tion of *2P from labelled glycerophosphate than from 
labelled inorganic PO,-—~. This negative result, how- 
ever, does not exclude glycerophosphate as the P 
precursor of phospholipins, since the in vivo experi- 
ments showed that unhydrolysed glycerophosphate 
did not enter liver cells. In vitro experiments with 








2nr 


- - 


— 1 


= Soe a we 


"We OS ODO mee SS wy DOD me OOS SOS UO Oe US 


'~- 


oO 





Vol. 46 


labelled glucose phosphate, adenylic acid and adeno- 
sinetriphosphate were likewise negative. Choline- 
phosphate (Riley, 1944), and aminoethylphosphoric 
acid (Chargaff & Keston, 1940) have also been tested 
im vivo as possible phospholipin precursors with 
negative results. 

It is thought that the evidence presented is suffi- 
ciently strong to justify the conclusion that glycero- 
phosphate, or a substance closely similar, is the P 
precursor of lecithin and kephalin. By applying the 
integrated form of equation (1) to the data shown in 
Fig. 3 we obtained 6-75 hr. for the turnover time of 
liver phospholipins. This period for the rat is very 
close to the values (5-7 hr.) found by Zilversmit 
et al. (1948) for the dog. 

From the point of view of the biochemistry of 
phospholipin synthesis more definite mechanisms 
may now be suggested. If glycerophosphate is the 
immediate phosphorus precursor of phospholipins, 
it follows that the phrase ‘phosphorylation of fats’ 
which is often used, is misleading and inaccurate, 
because the phosphorylating energy has been spent 
in the course of reactions leading to the formation 
of glycerophosphate. Formation of phospholipins 
through phosphorylation of di- or tri-glycerides 
would require an energy-rich phosphorus compound 
(cf. Chaikoff, 1942). Instead, it is suggested that 
lecithin and kephalin are formed by the esterification 
of glycerophosphate with fatty acids and by the 
formation of the choline- or ethanolamine-phos- 
phoric acid ester linkage. It has been pointed out 
(Chaikoff, 1942, and others) that the rates of renewal 
of the various molecular components of phospho- 
lipins may not be identical, for example, the rate of 
renewal of fatty acids in phospholipins might be 
different from the rate of renewal of phosphoric 
acid. However, if glycerophosphate is the P pre- 
cursor, it follows that the rates of renewal of glycero- 
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phosphate and fatty acids in lecithin and kephalin 
must be equal. The turnover of choline or ethanol- 
amine, however, may still differ from that of the 
other components. The results shown in Table 3 
suggest interconversion of lecithin and kephalin. It 
has been shown by Stetten (1941a, 6) that ethanol- 
amine is converted to choline, but not choline to 
ethanolamine. The interconversion of lecithin and 
kephalin could then happen only by the scission of 
the bases followed by re-esterification. Although the 
latter results are suggestive, further work is required 
for their confirmation. 


SUMMARY 


1. It has been shown that the specific activity- 
time curve of the ethanol-precipitable phosphorus, 
obtained from the acid-soluble phosphates of liver, 
fulfils the criteria for this fraction being the phos- 
phorus precursor of lecithin and kephalin. 

2. This acid-soluble phosphorus fraction, labelled 
with *2P, has been identified by crystallization with 
carrier as consisting mainly of a- and f-glycero- 
phosphate. 

3. Lecithin and kephalin labelled with **P were 
injected into rabbits. The glycerophosphate from 
placenta and liver had the highest specific activity 
after the phospholipins. The results are considered to 
indicate that glycerophosphate is the P precursor of 
phospholipins and that the reaction is reversible. 

4. Although neither in vivo nor in vitro experi- 
ments with *2P-labelled glycerophosphate provided 
supporting evidence for the above thesis, the 
negative results are attributed to failure of penetra- 
tion of liver cells by glycerophosphate. 

5. The turnover time of phospholipins in the rat 
liver is calculated to be 6-75 hr. 

6. Possible mechanisms for the biochemical 
synthesis of lecithin and kephalin are discussed. 
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The Effect of Adrenal Cortical Preparations Added in vitro 
upon the Carbohydrate Metabolism of Liver Slices 


1. THE EFFECT OF ADRENAL CORTICAL EXTRACT (ESCHATIN) UPON 
SYNTHESIS OF GLYCOGEN AND OF TOTAL CARBOHYDRATE 


By C. Y. CHIU anp D. M. NEEDHAM 
Biochemical Laboratory, University of Cambridge 


(Received 15 August 1949) 


It was shown by Seckel (1940) that addition of 
adrenal cortical extract (‘eschatin’, free from pre- 
servative) to buffered physiological salt solution in 
which liver slices were incubated caused decrease in 
glycogen disappearance. The incubation was carried 
out in air, and the ‘percentage inhibition of glyco- 
genolysis’ at the end of 1 hr. was 21-67. This well- 
marked effect of the extract in vitro seemed worthy 
of further investigation, especially with the aim of 
getting some light on the enzyme mechanisms con- 
cerned in it. We have confirmed Seckel’s results 
(Chiu & Needham, 1948), and extended the experi- 
ments to include other conditions of incubation, the 
estimation of total carbohydrate as well as glycogen, 
and the use of certain pure adrenal cortical steroids. 
The work with the latter is described in the second 
paper of this series (Chiu, 1950). Experiments 
carried out in an atmosphere of nitrogen showed that 
the inhibitory effect of the eschatin was entirely 
absent then. It therefore appeared that the effect of 
the extract was in favouring synthesis of glycogen, 
the observed degree of glycogen disappearance in air 
being the resultant of simultaneous breakdown and 
synthesis. This view of the liver slice as the seat of 
both glycogen breakdown and formation has been 
expressed by previous workers, e.g. Bendall & 
Lehmann (1941) in considering the effects of adren- 
aline in vitro. Deane, Nesbitt, Buchanan & Hastings 
(1947) have indeed shown histologically that, with 
rat- and rabbit-liver slices 0-5 mm. thick, incubated 
in medium containing glucose or pyruvate under an 
atmosphere of 95% oxygen-5% carbon dioxide, 
glycogen had disappeared from the cells of the in- 
terior, while new formation had gone on at the peri- 
phery of the slice. This picture was found even when 
estimations showed that an overall loss of glycogen, 
compared with the initial value, had taken place. 

In the next series of experiments we used condi- 
tions favourable to the demonstration of glycogen 
synthesis—presence of substrates such as pyruvate, 
lactate or glutamate and an atmosphere of oxygen; 
when increase of glycogen or of total carbohydrate 
content was observed in the control, the amount of 
increase was always greater in samples containing 
eschatin. 


EXPERIMENTAL 


Preparation of tissue. The rats used were piebald Nor- 
wegian, all males, weighing 150-300 g. Both rats and 
rabbits were anaesthetized with nembutal (for rats, 9 mg./ 
100 g. intraperitoneal; for rabbits, 13 mg./kg. intravenous); 
the liver was removed and slices of thickness 0-3-0-4 mm, 
were prepared, always from the same lobe, either free-hand 
or using the slice-cutter of Stadie & Riggs (1944). The slices 
were not immersed in any salt solution, but were placed 
when cut in a covered glass chamber arranged over ice. In 
order to ensure uniform sampling the slices as cut were 
placed serially in a number of piles equal to the number of 
samples needed; 100-150 mg., made up of about four 
slices, were used for each sample. When the slice-cutter was 
used and large slices were obtained, these were cut into 
portions and treated in the same way as the smaller slices. 
(Less satisfactory duplicates were obtained if a single large 
slice was used for each sample.) The samples were weighed 
at the beginning of the experiment on a torsion balance. 
Samples in duplicate were used throughout. The average 
difference between duplicates was as follows: for glycogen 
estimations +5-8%, extreme range +20% or (when the 
slice-cutter was used) +4 % and extreme range +11 %; for 
total carbohydrate estimations by method (a) below, +5%, 
extreme range +15%; for total carbohydrate by method 
(b) below, +2-7 %, extreme range +9 %. 

Conditions of incubation. Three different salt solutions 
were used. (a) Seckel’s phosphate-Ringer (1940); (6) Krebs’s 
bicarbonate-Ringer (Krebs & Henseleit, 1932); (c) Ringer 
solution containing 0-006M-phosphate. Solution (a) was 
used for the experiments on glycogenolysis; (b), which con- 
tains only 0-0012 m-phosphate compared to 0-0066 in (a), 
was used in experiments aimed at showing glycogen syn- 
thesis, since decreasing free phosphate concentration pro- 
motes removal of phosphate from glucose-1-phosphate and 
formation of glycogen; (c) was used in experiments where 
O, uptake was followed, since it contains no bicarbonate. 
In all cases the initial pH was 7-4, an atmosphere of 95% 
0,-5 % CO, being used with (6), air, N, or O, with (a) and 

c). 

,' the slices (100-150 mg.) and medium were placed in 
Barcroft or Warburg flasks attached to manometers and 
shaken continuously at 37°. At the end of the experiment, 
when glycogen was to be estimated, the slices were trans- 
ferred as rapidly as possible to 26-6% (w/v) KOH. When 
total carbohydrate was to be estimated, H,SO, »vas added 
to the entire contents of the flasks to make the, concentra- 
tion N. When glucose was to be estimated in the fluid, 
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samples of known volume were removed; these were im- 
mediately either precipitated with ZnSO, and Ba(OH), for 
Nelson’s (1944) method, or brought to pH 5-8 in prepara- 
tion for the glucose oxidase method and stored temporarily 
at 0°. The slices for initial values of glycogen or total 
carbohydrate were placed in 266% (w/v) KOH or 
n-H,SO, at the time the experimental samples went into 
the bath. 

Active extract. The preparation used was eschatin, a 
purified extract of adrenal cortex made by the method of 
Swingle & Pfiffner (1931). Samples free from preservative, 
1 ml. equivalent to 90 g. fresh adrenals, were kindly supplied 
by Parke, Davis and Co. The amount used was 0-15 ml./ml. 
medium; this corresponds approximately to the amount 
used by Seckel (1940), who added twice this volume of an 
extract, 1 ml. of which was equivalent to 40 g. fresh adrenal. 
Like Seckel, we found this dose gave maximal effect; when 
the dose was reduced to one-third, no inhibitory effect was 
obtained. 

Chemical methods. Glycogen was separated by the 
method of Good, Kramer & Somogyi (1933) and the glucose 
formed on hydrolysis was estimated by the method of 
Miller & Van Slyke (1936). In the beginning of the work 
attempts were made to use the colorimetric method of Van 
Wagtendonk, Simmons & Hackett (1946). It was found, 
however, that with liver of low glycogen content negative 
results were obtained, i.e. readings lower than those of the 
reagent blank. It thus appears that the glycogen prepared 
according to this procedure contains (at any rate in some 
circumstances) material which can vitiate the results, 
probably by reacting with the iodine. 

‘Total carbohydrate’ was estimated in three different 
ways. (a) The whole contents of the flask (slices + medium) 
were hydrolysed in n-H,SO, for 2-5hr. at 100°. After 
neutralization, precipitation with ZnSO, and Ba(OH), was 
carried out and the reducing substance in the filtrate was 
estimated according to Nelson (1944), using a Gallenkamp 
photoelectric colorimeter. (b) After acid hydrolysis as above 
and adjustment to pH 5-8, the glucose was estimated by 
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means of glucose oxidase, the O, uptake being measured in 
Warburg manometers under the conditions specified by 
Keilin & Hartree (1948). (c) Glycogen was estimated in the 
slices and glucose in the medium by Nelson’s method or the 
glucose oxidase method. If supplies of glucose oxidase are 
available, method (5) is to be preferred; with method (a) it 
was often difficult to obtain final solutions entirely free from 
opalescence, since traces of fatty material passed into the 
ZnSO,-Ba(OH), filtrate. Method (c) does not necessarily 
give the whole of the carbohydrate present, but it is useful 
in that the two fractions which probably make up much the 
greater part can be estimated with accuracy. 
Adenosinetriphosphate was estimated by making a tri- 
chloroacetic acid extract at 0° and precipitating with Ba. 
Nine-minute P was determined in the precipitate, after 
removal of Ba, by Fiske & Subbarow’s method (1925). 


RESULTS 


The results with liver slices (from well-fed rats) in- 
cubated with an atmosphere of air are shown in 
Table 1. Two experiments with rabbit liver are in- 
cluded. 

In Table 2 are shown the results when an atmo- 
sphere of nitrogen is substituted. The ‘inhibition of 
glycogenolysis’ seen in Table 1 in presence of the 
extract is absent here, indeed, there is usually 
rather more loss of glycogen in the samples con- 
taining the extract, probably on account of the 
presence of traces of organic solvent in the eschatin. 
In order to obtain complete abolition of the inhibi- 
tion, it is essential that the air in the flasks should be 
completely displaced by nitrogen purified by passage 
over heated copper. This is not surprising in view of 
the observation of Dixon & Elliott (1929) that the 
oxygen uptake of liver slices is as great at 7% 
partial pressure of oxygen as at 100%. 


Table 1. The effect of eschatin on glycogen content of liver slices, incubated aerobically 


(About 100 mg. of slices were suspended in 2 ml. of Seckel’s Ringer under atmosphere of air and incubated 60 min. at 
37° with shaking. Results expressed as ‘percentage inhibition of glycogenolysis’.) 


Glycogen content 
(mg./100 mg. wet tissue) 


Percentage 
Date Initial Final control Final+eschatin ‘inhibition’ 
Rats 
27 July 1946 1-60 0-57 1-29 69 
29 July 1946 4-60 0-71 1-48 20 
25 Oct. 1946 1-66 0-48 0-89 35 
27 Aug. 1947 4:27 0-86 2-61 51 
7 Oct. 1947 6-34 1-02 2-15 21 
11 Oct. 1947 2-67 0-73 0-94 ll 
29 Oct. 1947 0-94 0-14 0-19 6 
12 Feb. 1948 1-31 0-31 0-46 15 
22 Aug. 1948 0-86 0-62 0-69 28 
6 Mar. 1949 2-29 0-34 0-46 6 
8 Mar. 1949 5-84 2-14 2-67 15 
10 Mar. 1949 2-57 0-49 0-71 ll 
Rabbits 

9 Oct. 1947 1:36 0-74 0-80 9 
1 Mar. 1947 2-07 0-98 1-56 53 
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The Effect of Adrenal Cortical Preparations Added in vitro 
upon the Carbohydrate Metabolism of Liver Slices 


1. THE EFFECT OF ADRENAL CORTICAL EXTRACT (ESCHATIN) UPON 
SYNTHESIS OF GLYCOGEN AND OF TOTAL CARBOHYDRATE 


By C. Y. CHIU anp D. M. NEEDHAM 
Biochemical Laboratory, University of Cambridge 


(Received 15 August 1949) 


It was shown by Seckel (1940) that addition of 
adrenal cortical extract (‘eschatin’, free from pre- 
servative) to buffered physiological salt solution in 
which liver slices were incubated caused decrease in 
glycogen disappearance. The incubation was carried 
out in air, and the ‘percentage inhibition of glyco- 
genolysis’ at the end of 1 hr. was 21-67. This well- 
marked effect of the extract in vitro seemed worthy 
of further investigation, especially with the aim of 
getting some light on the enzyme mechanisms con- 
cerned in it. We have confirmed Seckel’s results 
(Chiu & Needham, 1948), and extended the experi- 
ments to include other conditions of incubation, the 
estimation of total carbohydrate as well as glycogen, 
and the use of certain pure adrenal cortical steroids. 
The work with the latter is described in the second 
paper of this series (Chiu, 1950). Experiments 
carried out in an atmosphere of nitrogen showed that 
the inhibitory effect of the eschatin was entirely 
absent then. It therefore appeared that the effect of 
the extract was in favouring synthesis of glycogen, 
the observed degree of glycogen disappearance in air 
being the resultant of simultaneous breakdown and 
synthesis. This view of the liver slice as the seat of 
both glycogen breakdown and formation has been 
expressed by previous workers, e.g. Bendall & 
Lehmann (1941) in considering the effects of adren- 
aline in vitro. Deane, Nesbitt, Buchanan & Hastings 
(1947) have indeed shown histologically that, with 
rat- and rabbit-liver slices 0-5 mm. thick, incubated 
in medium containing glucose or pyruvate under an 
atmosphere of 95% oxygen-5% carbon dioxide, 
glycogen had disappeared from the cells of the in- 
terior, while new formation had gone on at the peri- 
phery of the slice. This picture was found even when 
estimations showed that an overall loss of glycogen, 
compared with the initial value, had taken place. 

In the next series of experiments we used condi- 
tions favourable to the demonstration of glycogen 
synthesis—presence of substrates such as pyruvate, 
lactate or glutamate and an atmosphere of oxygen; 
when increase of glycogen or of total carbohydrate 
content was observed in the control, the amount of 
increase was always greater in samples containing 
eschatin. 


EXPERIMENTAL 


Preparation of tissue. The rats used were piebald Nor- 
wegian, all males, weighing 150-300g. Both rats and 
rabbits were anaesthetized with nembutal (for rats, 9 mg./ 
100 g. intraperitoneal; for rabbits, 13 mg./kg. intravenous); 
the liver was removed and slices of thickness 0-3-0-4 mm. 
were prepared, always from the same lobe, either free-hand 
or using the slice-cutter of Stadie & Riggs (1944). The slices 
were not immersed in any salt solution, but were placed 
when cut in a covered glass chamber arranged over ice. In 
order to ensure uniform sampling the slices as cut were 
placed serially in a number of piles equal to the number of 
samples needed; 100-150 mg., made up of about four 
slices, were used for each sample. When the slice-cutter was 
used and large slices were obtained, these were cut into 
portions and treated in the same way as the smaller slices. 
(Less satisfactory duplicates were obtained if a single large 
slice was used for each sample.) The samples were weighed 
at the beginning of the experiment on a torsion balance. 
Samples in duplicate were used throughout. The average 
difference between duplicates was as follows: for glycogen 
estimations +5-8%, extreme range +20% or (when the 
slice-cutter was used) +4 % and extreme range +11 %; for 
total carbohydrate estimations by method (a) below, +5 %, 
extreme range +15%; for total carbohydrate by method 
(b) below, +2-7 %, extreme range +9 %. 

Conditions of incubation. Three different salt solutions 
were used. (a) Seckel’s phosphate-Ringer (1940); (6) Krebs’s 
bicarbonate-Ringer (Krebs & Henseleit, 1932); (c) Ringer 
solution containing 0-006M-phosphate. Solution (a) was 
used for the experiments on glycogenolysis; (6), which con- 
tains only 0-0012 mM-phosphate compared to 0-0066 in (a), 
was used in experiments aimed at showing glycogen syn- 
thesis, since decreasing free phosphate concentration pro- 
motes removal of phosphate from glucose-1-phosphate and 
formation of glycogen; (c) was used in experiments where 
O, uptake was followed, since it contains no bicarbonate. 
In all cases the initial pH was 7-4, an atmosphere of 95% 
0,-5 % CO, being used with (b), air, N, or O, with (a) and 

c). 

‘The slices (100-150 mg.) and medium were placed in 
Barcroft or Warburg flasks attached to manometers and 
shaken continuously at 37°. At the end of the experiment, 
when glycogen was to be estimated, the slices were trans- 
ferred as rapidly as possible to 26-6% (w/v) KOH. When 
total carbohydrate was to be estimated, H,SO, was added 
to the entire contents of the flasks to make the concentra- 
tion x. When glucose was to be estimated in the fluid, 
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samples of known volume were removed; these were im- 
mediately either precipitated with ZnSO, and Ba(OH), for 
Nelson’s (1944) method, or brought to pH 5-8 in prepara- 
tion for the glucose oxidase method and stored temporarily 
at 0°. The slices for initial values of glycogen or total 
carbohydrate were placed in 266% (w/v) KOH or 
n-H,SO, at the time the experimental samples went into 
the bath. 

Active extract. The preparation used was eschatin, a 
purified extract of adrenal cortex made by the method of 
Swingle & Pfiffner (1931). Samples free from preservative, 
1 ml. equivalent to 90 g. fresh adrenals, were kindly supplied 
by Parke, Davis and Co. The amount used was 0-15 ml./ml. 
medium; this corresponds approximately to the amount 
used by Seckel (1940), who added twice this volume of an 
extract, 1 ml. of which was equivalent to 40 g. fresh adrenal. 
Like Seckel, we found this dose gave maximal effect; when 
the dose was reduced to one-third, no inhibitory effect was 
obtained. 

Chemical methods. Glycogen was separated by the 
method of Good, Kramer & Somogyi (1933) and the glucose 
formed on hydrolysis was estimated by the method of 
Miller & Van Slyke (1936). In the beginning of the work 
attempts were made to use the colorimetric method of Van 
Wagtendonk, Simmons & Hackett (1946). It was found, 
however, that with liver of low glycogen content negative 
results were obtained, i.e. readings lower than those of the 
reagent blank. It thus appears that the glycogen prepared 
according to this procedure contains (at any rate in some 
circumstances) material which can vitiate the results, 
probably by reacting with the iodine. 

‘Total carbohydrate’ was estimated in three different 
ways. (a) The whole contents of the flask (slices + medium) 
were hydrolysed in N-H,SO, for 2-5hr. at 100°. After 
neutralization, precipitation with ZnSO, and Ba(OH), was 
carried out and the reducing substance in the filtrate was 
estimated according to Nelson (1944), using a Gallenkamp 
photoelectric colorimeter. (b) After acid hydrolysis as above 
and adjustment to pH 5-8, the glucose was estimated by 
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means of glucose oxidase, the O, uptake being measured in 
Warburg manometers under the conditions specified by 
Keilin & Hartree (1948). (c) Glycogen was estimated in the 
slices and glucose in the medium by Nelson’s method or the 
glucose oxidase method. If supplies of glucose oxidase are 
available, method (bd) is to be preferred; with method (a) it 
was often difficult to obtain final solutions entirely free from 
opalescence, since traces of fatty material passed into the 
ZnSO,-Ba(OH), filtrate. Method (c) does not necessarily 
give the whole of the carbohydrate present, but it is useful 
in that the two fractions which probably make up much the 
greater part can be estimated with accuracy. 
Adenosinetriphosphate was estimated by making a tri- 
chloroacetic acid extract at 0° and precipitating with Ba. 
Nine-minute P was determined in the precipitate, after 
removal of Ba, by Fiske & Subbarow’s method (1925). 


RESULTS 


The results with liver slices (from well-fed rats) in- 
cubated with an atmosphere of air are shown in 
Table 1. Two experiments with rabbit liver are in- 
cluded. 

In Table 2 are shown the results when an atmo- 
sphere of nitrogen is substituted. The ‘inhibition of 
glycogenolysis’ seen in Table 1 in presence of the 
extract is absent here, indeed, there is usually 
rather more loss of glycogen in the samples con- 
taining the extract, probably on account of the 
presence of traces of organic solvent in the eschatin. 
In order to obtain complete abolition of the inhibi- 
tion, it is essential that the air in the flasks should be 
completely displaced by nitrogen purified by passage 
over heated copper. This is not surprising in view of 
the observation of Dixon & Elliott (1929) that the 
oxygen uptake of liver slices is as great at 7% 
partial pressure of oxygen as at 100%. 


Table 1. The effect of eschatin on glycogen content of liver slices, incubated aerobically 


(About 100 mg. of slices were suspended in 2 ml. of Seckel’s Ringer under atmosphere of air and incubated 60 min. at 
37° with shaking. Results expressed as ‘percentage inhibition of glycogenolysis’.) 


Glycogen content 
(mg./100 mg. wet tissue) 


Percentage 
Date Tnitial Final control Final+eschatin ‘inhibition’ 
Rats 
27 July 1946 1-60 0-57 1-29 69 
29 July 1946 4-60 0-71 1-48 20 
25 Oct. 1946 1-66 0-48 0-89 35 
27 Aug. 1947 4-27 0:86 2-61 51 
7 Oct. 1947 6-34 1-02 2-15 21 
11 Oct. 1947 2-67 0-73 0-94 ll 
29 Oct. 1947 0-94 0-14 0-19 6 
12 Feb. 1948 1-31 0-31 0-46 15 
22 Aug. 1948 0-86 0-62 0-69 28 
6 Mar. 1949 2-29 0-34 0-46 6 
8 Mar. 1949 5-84 2-14 2-67 15 
10 Mar. 1949 2-57 0-49 0-71 ll 
Rabbits 

9 Oct. 1947 1:36 0-74 0-80 9 
1 Mar. 1947 2-07 0-98 1-56 53 
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Table 2. The effect of eschatin on glycogen content of rat liver slices, incubated anaerobically 
(About 100 mg. of slices were suspended in 2 ml. of Seckel’s Ringer under atmosphere of N, and incubated 60 min. at 
37° with shaking. Results expressed as ‘percentage inhibition of glycogenolysis’.) 


Glycogen content 
(mg./100 mg. wet tissue) 


Percentage 
Date Initial Final control Final+eschatin ‘inhibition’ 
15 Aug. 1946 2-80 0-33 0-14 —8-7 

19 Aug. 1946 5-74 0-96 0-66 -6 
21 Aug. 1946 3-12 0-94 0-72 -9 
21 Oct. 1947 1-27 0-38 0-38 0 
8 Mar. 1949 5-84 1-42 1-44 +1 
10 Mar. 1949 2-57 0-87 0-82 -2 
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Fig. 1. Glycogen changes in rat-liver slices with and without added eschatin. Animals fasted 24 hr. Incubation, 1 hr. 
at 37°. Medium, Seckel’s Ringer for nos. 1-8, 26 and 27. Krebs’s Ringer for nos. 9-25 and 28. Gas phase: O, or 95% 
0-5 % CO, (according to medium). Unshaded =initial value; black =value after incubation with substrate + eschatin; ] 


shaded = value after incubation with substrate only. 
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For the experiments summarized in Figs. 1-3, the 
usual conditions for demonstrating carbohydrate 
synthesis were used—the slices were prepared from 
the livers of fasted animals, substrate was added to 
the medium and the gas phase was pure oxygen or 
95% oxygen—5 % carbon dioxide. All the experi- 
ments done are included, and it will be seen that in 
every case the glycogen or total carbohydrate con- 
tent is greater in the presence of the active extract. 
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Fig. 2. Glycogen changes in rabbit-liver slices with and 
without eschatin. Animals fasted 48 hr. Incubation, 
1 hr. at 37°. Medium: Krebs’s Ringer for nos. 1 and 3-5; 
phosphate-Ringer for nos. 2 and 6; bicarbonate-Ringer 
for nos. 7 and 8. Gas phase: O, or 95% 0,-5% CO, 
(according to medium). Unshaded=initial value; 
black =value after incubation with substrate + eschatin; 
shaded = value after incubation with substrate only. 


In all this work great individual variation was ob- 
served both as regards the initial carbohydrate con- 
tent of livers from rats treated in the same way 
(fasted the same length of time or fed on the same 
diet) and as regards the ability of the liver slices to 
synthesize glycogen. The same variability is seen in 
the degree of inhibition of glycogenolysis which 
again probably depends on differences in power to 
synthesize carbohydrate. It is noticeable that the 
effect of the hormone on carbohydrate synthesis as 
judged by inhibition of glycogenolysis is often 
greater than any effect observed in the experiments 
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designed to demonstrate synthesis. This may be con- 
nected with the fact that livers of well-fed animals 
were used for the glycogenolysis experiments, while 
livers of fasted animals were used for the experiments 
of Figs. 1-3. When the initial glycogen of the fasted 
liver fell very low (below about 0-1 %) little synthesis 
in the controls and little effect of eschatin was seen. 

It has been noted by Verzér & Wenner (1948b) 
that minced muscle or liver, prepared from starved 
rats and containing very little glycogen, forms no 
glycogen from added glucose-l-phosphate unless 
glycogen is added too. Stadie & Zapp (1947) ob- 
served that diaphragm with high initial glycogen 
content from well-fed rats has a much greater 
capacity for forming glycogen from glucose than has 
comparatively glycogen-poor diaphragm from fasted 
rats. What part is played in these phenomena by 
such factors as loss of enzymes or coenzymes during 
inanition, or lack of glycogen deposits to act as 
nuclei for fresh glycogen formation (Cori, Swanson 
& Cori, 1945) remains to be investigated. 

We did not observe in these experiments, extend- 
ing over nearly 3 years, any correlation between the 
time of year and the synthetic power of the liver 
slices or the effect of the adrenal cortical preparations 
on the synthetic power. Seasonal variations in meta- 
bolic activities of this sort are, however, not un- 
common: Lehmann & Bendall (1949), for example, 
found with the rabbit much greater power of glyco- 
gen synthesis in liver slices during the summer than 
during the winter. We have, therefore, noted the 
month against each experiment, in case such data 
might prove of interest in some larger survey of 
seasonal effects. 


DISCUSSION 


Observations on adrenalectomized animals have 
shown that exposure to stress leads readily to hypo- 
glycaemia and depletion of glycogen stores in liver 
and muscle. Further, injection of cortical extract 
into fasted animals leads to an increase in the carbo- 
hydrate stores accompanied by an increase in nitro- 
gen excretion always great enough to allow of the 
hypothesis that the new carbohydrate has been 
formed at the expense of protein. The view has, 
therefore, often been discussed that certain adrenal 
cortical steroids are concerned with formation of 
carbohydrate from tissue protein (see Long, 1942; 
Hartmann, 1942). As Long has pointed out, the 
steroids might intervene (a) in mobilization of amino- 
acids from tissue protein; (b) in deamination of 
amino-acids; (c) in formation of glucose from the 
residues after deamination. He suggests also a 
further possibility based on the results of Seckel 
(1940): that inhibition of glycogen breakdown by 
excess of steroid might lead to immobilization of 
the carbohydrate stores and obligatory use of pro- 
tein instead. This last possibility seems to be ruled 
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out by the results of the present work, which show 
Seckel’s effect to be due to increased synthesis of 
glycogen rather than to prevention of breakdown. 
It is impossible to decide from the data at present 
available whether the extra content of glycogen or of 
total carbohydrate above the control found in our 
experiments after incubation in presence of added 
extract is due in whole or in part to synthesis from 
protein. With livers rich in glycogen to which no 
substrate was added, the source might be the glyco- 
gen, breaking down in one region and being resyn- 
thesized in another; when substrates were added, 
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strate, the rest from an unknown source. In some of 
our cases without added substrate, the total carbo- 
hydrate after incubation in the presence of extract 
was greater than the initial value (further examples 
of this effect after incubation with pure steroids are 
given in the following paper (Chiu, 1950)) and here 
the most likely source is protein. 

Table 3 summarizes some results, by other 
workers, on the effect of adrenalectomy and sub- 
sequent hormone treatment on the power of tissue 
slices and of diaphragm fragments to synthesize 
carbohydrate in vitro. 
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Fig. 3. Total carbohydrate changes in rat- and rabbit-liver slices with and without eschatin. All animals fasted, rats for 
24 hr., rabbits for 48 hr. Incubation, 1 hr. at 37°. Medium: phosphate-Ringer for nos. 1, 2 and 8-11; Krebs’s 
Ringer, for nos. 3-5 and 7; bicarbonate-Ringer, for no. 6. Gas phase: O, or 95% O,-5% CO, (according to the 
medium). No substrate added, except in 1 and 2. Method (a) was used for total carbohydrate estimation for all 
cases except no 3, where method (b) was used. Unshaded=initial value; black=value after incubation with 
substrate +eschatin; shaded =value after incubation with substrate only. 


these might be the source. Light could be thrown on 
this last question by the use of substrate with 
labelled carbon. But the extra formation might 
equally well be due to effect of the active principle 
upon synthesis from the liver’s own protein or pro- 
tein breakdown products; the fact that it seems to be 
independent of the particular substrate added per- 
haps is in favour of this view that the source is endo- 
genous. It is interesting to notice that Villee & 
Hastings (1949), studying glycogen formation in 
vitro in the diaphragm, have found by use of sub- 
strates containing “4C that with glucose only an 
average of 60%, with pyruvate only an average of 
13% of the glycogen formed comes from the sub- 


The results upon synthesis of glycogen from added 
glucose, where the lowered capacity of the slices 
after adrenalectomy was very marked, may be com- 
plicated by the effect of initial low glycogen content 
(see above). With the other substrates, the effects of 
adrenalectomy are varied and cannot be covered by 
any single simple hypothesis of the action of the 
hormone. That protein breakdown products may be 
playing a part is indicated by the very interesting 
observation of Russell & Wilhelmi (1941@) that the 
rate of deamination of alanine and glutamic acid in 
kidney slices is decreased some 15 % after adrenal- 
ectomy and can be restored to normal value or above 
by injection into the animal of adrenal cortical 
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extract or of deoxycorticosterone. Some preliminary 
experiments indicating that protein may be con- 
cerned in carbohydrate synthesis in our experiments 
are described in the following paper (Chiu, 1950). 

It is interesting to notice that White & Dougherty 
(1947) have concluded, from weight and nitrogen 
analyses of lymphoid organs, liver and carcass in 
fasting normal, adrenalectomized, thyroidectomized 
and adrenalectomized-thyroidectomized mice both 
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corticosterone and corticosterone, the former 
having greater action than the latter. Riesser (1947) 
concluded from his similar experiments that deoxy- 
corticosterone and cortin had no effect on glycogen 
formation. 

Amongst other functions which have been sug- 
gested for the adrenal cortical hormone is that of 
activating phosphorylation of carbohydrate. This 
theory has been put forward by Verzar (see Verzar, 


Table 3. Summary of results by other authors on the effects of adrenalectomy and of 
adrenalectomy + replacement therapy upon synthetic power of tissue slices 


Effect of replacement therapy 


Effect of adrenalectomy 
upon synthesis of 


on synthesis of 


en 
Total Total 
Authors Tissue Substrate Glycogen carbohydrate Glycogen carbohydrate 
Holmes & Lehmann Liver (fasted Glucose Marked - — — 
(1940) rabbit) decrease 
Lactate — No effect -- — 
Bendall & Lehmann Liver (fasted Glucose Marked — Restored = 
(1942) rat) decrease to normal 
Koepf, Horn, Liver (fasted Lactate _— No effect -- Increased 
Gemmill & Thorn rat) above normal 
(1941) Pyruvate — Approx. 30% — Increased 
decrease above normal 
Glutamate _ No effect - Increased 
above normal 
Without = No effect — No effect 
substrate 
Russell & Kidney (rat) pL-Alanine — Approx. 30% _ —_ 
Wilhelmi (19415) decrease 
L-Glutamate — Approx. 30% -- a 
decrease 
a-Ketoglutarate — Approx. 30% — “= 
decrease 
Succinate _— No effect — 
Pyruvate _ No effect —- — 
No substrate —- No effect — a 
Villee & Hastings Diaphragm Glucose Marked _ — _- 
(1949) (rat) decrease 


without and with hormone injections, that the 
steroid hormones of the adrenal cortex regulate the 
release of nitrogen from liver and lymphoid tissue 
while the thyroid secretion controls the rate of 
nitrogen loss from the liver and carcass. This 
different reaction of liver and muscle protein to 
adrenal cortical hormone may be a factor in explain- 
ing the very different behaviour as regards glycogen 
formation of liver and of diaphragm in vitro in the 
presence of added adrenal cortical extract or 
steroids. Using diaphragm incubated in glucose- 
containing medium Verzaér & Wenner (1948a, c) and 
Leupin & Verzdr (1949) found decreased glycogen 
content in the presence of deoxycorticosterone; 
corticosterone, 17-hydroxycorticosterone and 11- 
dehydrocorticosterone had a similar but smaller 
effect. Bartlett, Wick & MacKay (1949) also ob- 
tained this lowering of glycogen content with deoxy- 


1939); the cases he considers seem to be those where 
oxidative phosphorylation would be expected, al- 
though the theory seems to have been tested in vitro 
only by finding the effect of added adrenal cortical 
preparations upon phosphorylase activity (see 
Verzar & Montigel, 1942). We tried a few experi- 
ments in which the adenosinetriphosphate level 
during the incubation with substrate in oxygen was 
compared in samples with and without eschatin. 
Values were 9-20mg. nine-minute phosphorus/ 
100 g. tissue without and 9-25 mg. with extract; in 
another experiment, 12-0 and 12-9 mg. without and 
with hormone, respectively. Thus no effect was 
found, but such experiments cannot be conclusive. 
Possibly, by means of radioactive phosphate, any 
difference in the rate of turnover. of the adenylic 
compounds in presence of adrenal cortical prepara- 
tions could be detected. 
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SUMMARY 


1. The action of adrenal cortical extract (added in 
vitro) in causing diminution of glycogen breakdown 
in liver slices (rat and rabbit) has been confirmed. 

2. It was shown that this inhibition is absent if the 
incubation of the liver slices is carried out in absence 
of oxygen. It is concluded that the active principle 
affects the synthesis rather than the breakdown of 
glycogen. 

3. When total carbohydrate was estimated, a 
similar effect of the extract in preventing disap- 
pearance of the carbohydrate was observed. The 
effect is, therefore, not merely on the glycogen: 
glucose ratio. 


C. Y. CHIU AND D. M. NEEDHAM 
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4. Under conditions where carbohydrate syn- 
thesis can be demonstrated, there was always greater 
increase (whether estimated as glycogen or total 
carbohydrate) in the presence of the extract. 

5. No effect was found on the adenosinetriphos- 
phate level in the slices during carbohydrate syn- 
thesis in oxygen. 

We are very grateful to Prof. D. Keilin, F.R.S., Dr E. F. 
Hartree and Prof. E. A. Doisy for gifts of glucose oxidase and 
catalase, and to Dr T. Mann for help in preparing glucose 
oxidase; we are greatly indebted to Messrs Parke, Davis and 
Co. for the supplies of eschatin free from preservative. Our 
thanks are due to the British Council for a studentship 
(C.Y.C.) and to the Medical Research Council for a personal 
grant (D.M.N.). 
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The Effect of Adrenal Cortical Preparations added in vitro 
upon the Carbohydrate Metabolism of Liver Slices 


2. THE EFFECT OF SOME PURE STEROIDS UPON CARBOHYDRATE SYNTHESIS, 
OXYGEN UPTAKE AND NON-PROTEIN NITROGEN 


By C. Y. CHIU, Biochemical Laboratory, University of Cambridge 
(Received 15 August 1949) 


After it had been shown that addition of adrenal 
cortical extract im vitro caused increased glycogen 
and total carbohydrate formation in liver slices 
(Chiu & Needham, 1950), it became of interest to find 
the effect of some pure adrenal cortical steroids. 
Deoxycorticosterone (DOC, as acetate and hydro- 
gen succinate), 11-dehydrocorticosterone and 17-hy- 


droxy-11-dehydrocorticosterone became available, 
and experiments are now described on their action, 
particularly in causing increased total carbohydrate 
synthesis. Some observations were also made on 
accompanying oxygen uptake and, in order to see 
whether participation of protein in the synthesis was 
indicated, on the changes in non-protein nitrogen. 
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EXPERIMENTAL 


The preparation of the slices and the conditions of incuba- 
tion were the same as described in the previous paper (Chiu 
& Needham, 1950). 

Preparation of steroid solutions. The DOC acetate was dis- 
solved in propylene glycol and water (2:1 by vol.); DOC 
hydrogen succinate was dissolved in the appropriate 
aqueous medium (Seckel’s Ringer, Krebs’s bicarbonate- 
Ringer or phosphate-Ringer) made slightly more alkaline 
(about pH 7-6). 11-Dehydrocorticosterone and 17-hydroxy- 
11-dehydrocorticosterone were sometimes dissolved in pro- 
pylene glycol and water (2:1 by vol.); otherwise a solution 
was made in pure acetone, this was diluted with water to 
the required concentration and the acetone was driven off 
by a current of air. The amount used varied between 12-5 
and 25 wg./ml. medium. 

Chemical methods. The methods for glycogen, total car- 
bohydrate and glucose were the same as previously de- 
scribed (Chiu & Needham, 1950). 

O, uptake was measured with Warburg manometers 
using phosphate-Ringer as suspension medium. For non- 
protein nitrogen (NPN) determination, 1 ml. 10% (w/v) Na 
tungstate and 1 ml. 0-66N-H,SO, were added to the con- 
tents of each flask. A measured portion of the filtrate was 
used for soluble N estimation by a modification of Pregl’s 
micro-Kjeldahl method (Harrison, 1947). Duplicate samples 
were used for each determination and the average difference 
was +2-7, extreme limits +5-4%. 

Urea was estimated manometrically by the method of 
Krebs & Henseleit (1932), and lactic acid by the micro- 
method of Barker & Summerson (1941). 


RESULTS 


The results on carbohydrate synthesis are sum- 
marized in Figs. 1-3. 

It should be mentioned that when the steroid was 
used dissolved in propylene glycol (experiments of 
Figs. 1 and 2), an equal amount of this solvent was 
added to the control incubated without steroid. It 
was found that the solvent in the amount used 
(0-1 ml./2 ml. medium) had no effect on the final 
glycogen content; slightly larger amounts, however 
(0-3 ml./2 ml. medium), had a marked effect in de- 
creasing the final content. 

In every case, when glycogen or total carbo- 
hydrate disappeared, this disappearance was less in 
presence of steroid; when synthesis took place, the 
synthesis was greater in presence of steroid. 

With regard to comparison of the behaviour of the 
three steroids, the following facts may be noted: 
(a) In the experiments done with added substrate 
(pyruvate) with an atmosphere of oxygen (Fig. 2) 
17-hydroxy-11-dehydrocorticosterone was more 
effective than DOC acetate. Dehydrocorticosterone 
is about as effective as DOC acetate. (b) In the ex- 
periments with slices from well-fed livers, done 
without added substrate and with an atmosphere of 
air, DOC and dehydrocorticosterone were again 
about equally effective, but here 17-hydroxy-11-de- 
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hydrocorticosterone had definitely less effect than 
either of the other compounds. In these experiments 
the DOC was used in the form of succinate, and all 
the steroids were dissolved in aqueous medium. 





; Aug. 


Mar. Aug. Oct. Aug. Jan. 


Fig. 1. Glycogen changes in rat- and rabbit-liver slices with 
and without addition of DOC acetate. Animals all fasted, 
rats 24hr., rabbits 48 hr. Incubation, lhr. at 37°. 
Medium: Seckel’s Ringer for nos. 1 and 2; Krebs’s Ringer 
for nos. 3-10; phosphate-Ringer for nos. 11 and 12. Gas 
phase: O, or 95% 0,-5% CO, (according to medium). 
Substrate for experiments with rat tissue was 0-4% 
pyruvate, with rabbit tissue 1% glucose. DOC acetate 
dissolved in propylene glycol and water (2:1 by vol.) and 
equivalent amount of solvent added to the control. 
Addendum: 25 yg. of steroid in 0-1 ml. added to 2 ml. 
medium. Unshaded=initial value; black=value after 
incubation with substrate +DOC; shaded=value after 
incubation with substrate only. 


In some of the experiments of Fig. 3 without 
added substrate, particularly with high initial gly- 
cogen and of short duration, a considerable increase 
in total carbohydrate above the initial is seen; in 
others, on the other hand, there is a marked dis- 
appearance of carbohydrate, although this dis- 
appearance is less when the hormone is present. The 
products of this glycogen breakdown have not yet 
been investigated. Probably they include lactic acid 
and some intermediate stages in glycolysis as well as 
oxidation products. Possibly gluconeogenesis can 
most readily be seen at an early stage, breakdown 
following atalaterstage. A few experiments in which 
lactic acid formation was estimated showed no 
significant effect of the steroids on the amount 
formed. 

Fig. 4shows the results of measurements of oxygen 
uptake with and without steroid. It will be seen that 
in all experiments except one there is little, if any, 
effect of the steroid. 

Not much work was done with regard to urea 
formation, since it was found that the initial value 
for urea was very variable, however carefully 
sampling was done; for instance, in one experiment, 
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Fig. 
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Total carbohydrate changes in rat-liver slices with and without pure steroids. All animals fasted 24 hr. 
Incubation, 1 hr. at 37° (except nos. 6 and 7, 2 hr.). Medium: phosphate-Ringer. Gas phase: O,. Substrate: 0-4% 
pyruvate. Steroids all dissolved in propylene glycol and water (2:1 by vol.) and equivalent amount of solvent added 
to the control. Addendum, 25g. of steroid in 0-1 ml. added to 2 ml. medium. DOCA=deoxycorticosterone 
acetate. DHC=11-dehydrocorticosterone. 17-OH-DHC=17-hydroxy-11-dehydrocorticosterone. Method (5) (see 
text) was used for the carbohydrate estimations. Unshaded =initial value; black=value after incubation with 
substrate + steroid; shaded = value after incubation with substrate only. 
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3. Total carbohydrate changes in rat- and rabbit-liver slices, with and without pure steroids. All animals were fed 
except no. 16. No substrate added. Incubation, 1 hr. at 37° for all except 5-10; for these, 20 min. at 37°. Gas 
phase; air. Medium: phosphate-Ringer for nos. 1-3, 13 and 16; Krebs’s Ringer for nos. 4, 11, 12, 14 and 15; 
Seckel’s Ringer for nos. 5-10 and 17. Steroids all in aqueous solution. Addendum: 50yg. in 2 ml. medium. 
DOCS =deoxycorticosterone succinate; DHC=11-dehydrocorticosterone; 17-OH-DHC=17-hydroxy-11-dehydro- 
corticosterone. Method (a) was used for nos. 11-15; method (6) for nos. 4-10 and 16; method (c) for nos. 1-3 and 17 


(see text). Unshaded =initial value; black=value after incubation with substrate +steroid. Shaded =value after 


incubation with substrate only. 
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determinations in triplicate for initial urea gave 
26-4, 37-2 and 19-4 ug./100 mg. wet tissue. When the 
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Fig. 4. Total carbohydrate synthesis and O, uptake in rat- 
liver slices with and without steroid. Animals nos. 1-3, 
well fed; nos. 4-6, fasted. Incubation lhr. at 37°. 
Medium: phosphate-Ringer. Gas phase: nos. 1-3, air; 
nos. 4-6, O,. Substrate: nos. 1-3, none added; nos. 4-6, 
0-4% pyruvate. Steroid added: 50 ug. in 2 ml. medium 
for nos. 1-3; 25 wg. in 2 ml. medium for nos. 4-6. DOCA= 
deoxycorticosterone acetate; © DOCS=deoxycortico- 
sterone succinate; DHC=11-dehydrocorticosterone; 17- 
OH - DHC=17 - hydroxy - 11 - dehydrocorticosterone. 
Method (6) was used for total carbohydrate estimation for 
nos. 4-6, method (c) for nos. 1-3 (see text). Black =value 
of O, uptake after incubation with steroid; shaded = 

- value of O, uptake after incubation without steroid; 
cross-hatched = value of total carbohydrate in presence of 
steroid minus the value in absence of steroid. 


slices were washed by immersing twice in 5 ml. incu- 
bation medium, the initial value fell to 0, but with 
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such washed slices, in preliminary experiments, 
there was little glycogen formation from glutamate, 
and this question was not further investigated. These 
experiments did, however, show that there was no 
striking effect of the steroid on urea formation. Thus 
in one experiment without steroid the value was 
23-5 wg./100 mg. tissue, with eschatin 23-4; and in 
a second, 13g. without hormone and 8 yg. with 
hormone. 

The experiments done on non-protein nitrogen are 
summarized in Table 1. It is to be noticed that: 
(a) in all cases but one there is slightly more non- 
protein nitrogen present after incubation with 
steroid than without; (b) the total amount of non- 
protein nitrogen present, even in the samples with 
steroid, seems small if one is to suppose that the 
extra carbohydrate is being formed at the expense of 
protein or of substances in the non-protein nitrogen 
fraction. Awapara, Marvin & Wells (1949) recently 
found small amounts (about 30 yg./100 mg. tissue) 
of free amino-acid nitrogen in liver. The amino-acids 
concerned were dicarboxylic acids, alanine and 
glycine, together with traces of others. The balance 
of the amino-acids was changed in livers from 
adrenalectomized animals, the dicarboxylic acids 
being present in higher proportion. Restoration of 
normal balance took place after injection of the 
adrenalectomized animals with adrenal cortical 
extract, and this was taken as an indication that the 
dicarboxylic amino-acids might be used preferenti- 
ally for carbohydrate formation. 


DISCUSSION 


It is interesting to notice in Fig. 4 that there is no 
correlation between oxygen uptake and extra car- 
bohydrate formation as a result of the presence of the 


Table 1. Effect of eschatin and pure steroids on non-protein nitrogen 
of liver slices 


(About 400 mg. slices were suspended in 3 ml. phosphate-Ringer for 1 hr. at 37°. Gas phase: O,. Dose: eschatin, 


0-15 ml./ml. medium; steroid, 25 ug./ml. medium. 


Extract or pure 


Date Animal steroid added 

June 1947 Rabbit, fasted Eschatin 

July 1947 Rabbit, fasted Eschatin 

Aug. 1947 Rabbit, fasted Eschatin 

Aug. 1947 Rabbit, fasted Eschatin 

Aug. 1947 Rabbit, fasted Eschatin 

Mar. 1949 Rabbit, non-fasted Eschatin 

Mar. 1949 Rabbit, fasted 17-Hydroxy-11-dehydro- 
corticosterone 

May 1949 Rat, well fed DOC succinate 


DOC succinate 


May 1949 


Rat, well fed 


—, not estimated.) 


Non-protein nitrogen 
(ug./100 mg. tissue) 
Increase in total 


carbohydrate in Final, 
sample + steroid with 
above control Final, extract or 
(ug-/100 mg. Initial control steroid Difference 
tissue) (a) (b) (c) (c-b) 
50 _— 337 335 -2 
385 — 235 322 +87 
133 — 96 107 +11 
52 —_— 83 102 +19 
175 _ 96 118 +22 
_— 128 140 147 +7 
331 121 78 92 +14 
656 -— 161 184 +23 
663 _— 150 169 +19 
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steroid. Koepf, Horn, Gemmill & Thorn (1941) 
observed similarly (using liver slices from normal and 
adrenalectomized rats and rats adrenalectomized 
and injected with adrenal cortical hormone) that 
there was no parallelism between oxygen uptake and 
power to synthesize carbohydrate. Bartlett, Wick 
& MacKay (1949) also found with diaphragm that 
glycogen formation could be increased by insulin or 
decreased by deoxycorticosterone without affecting 
oxygen uptake. 

From experiments on the whole animal, DOC has 
usually been associated with influence on mineral 
metabolism while the steroids with oxygen at Cy, 
are associated with control over carbohydrate meta- 
bolism. In these experiments in vitro, however, we 
found DOC to be just as potent as 11-dehydrocorti- 
costerone in increasing carbohydrate formation. It 
has to be remembered that even in vivo there is no 
hard and fast distinction between the steroids con- 
trolling mineral metabolism and those controlling 
carbohydrate metabolism : thus Harrison & Harrison 
(1939) showed that daily injection of 1-25 mg. de- 
oxycorticosterone was enough to maintain normal 
potassium:sodium balance in the serum of rats, 
while injection of 2-5 mg. maintained normal blood 
sugar. Young (1944) has pointed out that in experi- 
ments in vivo where water-insoluble DOC compounds 
are used, rate of absorption may play a part. 


C. Y. CHIU 
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SUMMARY 


1. The effect of the three pure adrenal cortical 
steroids, deoxycorticosterone, 11-dehydrocortico- 
sterone and 17-hydroxy-11-dehydrocorticosterone, 
when added in vitro, upon carbohydrate synthesis in 
liver slices was investigated. 

2. In all cases, whether glycogen or total carbo- 
hydrate content was estimated, there was greater in- 
crease in carbohydrate content or less carbohydrate 
disappearance in presence of the steroid than in the 
controls without added steroid. 

3. The presence of the steroids had little or no 
effect on oxygen uptake. 

4. In preliminary experiments, slightly increased 
concentration of non-protein nitrogen was found in 
presence of eschatin or of the pure steroids. 
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29. THE ORIENTATION OF GLUCURONIC ACID CONJUGATION IN CHLOROQUINOL 
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(Received 26 August 1949) 


Dodgson & Williams (1949) have shown that 4- 
chlorocatechol and 4-chlororesorcinol form, in 
rabbits, monoglucuronides (I and IT) in which the 
glucuronic acid residue is attached to the hydroxyl 
group farthest away from the chlorine atom. On 
these grounds it was predicted that chloroquinol 
would give rise in the rabbit to the monoglucuronide 
(III), in which the glucuronic acid is attached to the 
hydroxyl] meta to the chloro group. 


Cl Cl Cl 
C) (oH Hof” 5 
\ oH \ \ 00H. 
OC,H,0, OC,H,0, 
(1) (II) (11) 


In this paper we shall prove that the glucuronide 
of chloroquinol synthesized in the rabbit has, in fact, 
structure (III), ie. that of 3-chloro-4-hydroxy- 
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phenylglucuronide. In order to prove this structure 
and eliminate the alternative structure, 2-chloro-4- 
hydroxyphenylglucuronide, it was necessary to 
synthesize a number of reference compounds, parti- 
cularly the 2- and 3-chloro-4-methoxyphenols and their 
derivatives. 


EXPERIMENTAL 
3-Chloro-4-methoxyphenol and its derivatives 


The synthesis of 3-chloro-4-methoxyphenol was carried out 
in two ways. (a) 3:4-Dichloronitrobenzene was converted 
via 3-chloro-4-methoxynitrobenzene to 3-chloro-4-methoxy- 
aniline according to McMaster & Magill (1928). The amine 
(3 g.) was diazotized at 0° in the usual manner, and the 
diazonium solution refluxed for 45 min. 3-Chloro-4-meth- 
oxyphenol separated as a brown oil which was extracted 
with ether. The oil was partly purified by extracting the 
phenol from the ether with 2n-NaOH, acidifying and then 
re-extracting with ether. The final ether extract was dried 
with anhydrous Na,.SO,, the ether removed and the residual 
oil distilled at 6mm. (bath temp. 150—160°). 3-Chloro-4- 
methoxyphenol (1-3 g.) was obtained as a slightly coloured 
oil which on benzoylation gave the corresponding benzoate, 
m.p. 109-110°, described below. (Found: C, 63-9; H, 4-2; 
Cl, 13-4. C,gH,,0,Cl requires C, 64-0; H, 4-2; Cl, 13-5%.) 
(b) 3-Chloro-4-methoxyphenol was also prepared as de- 
scribed by Irvine & Smith (1927) for the corresponding 3- 
bromo derivative. 4-Methoxyphenyl benzoate (3 g.) was 
dissolved in 25 ml]. anhydrous formic acid and poured into 
a cold solution of 1 g. chlorine in 50 ml. formic acid. The 
solution lost its colour immediately and a white crystalline 
precipitate of 3-chloro-4-methoxyphenyl benzoate separated. 
After keeping at 0°, the crystals (2-8 g., 81% of theory) 
were filtered off. On recrystallization from ethanol-ligroin, 
the compound was obtained as colourless needles, m.p. 
109-110°, soluble in ether and ethanol, but sparingly soluble 
in light petroleum. (Found: C, 64:1; H, 4-2; Cl, 13-6. 
C,,H,,0,Cl requires C, 64-0; H, 4-2; Cl, 13-5%.) 

The above benzoate (1-5 g.) was refluxed with 15 ml. 
10% NaOH until it dissolved. The solution was cooled, 
acidified with 2 N-HC]l and extracted with ether (3 x 15 ml.). 
The ether extract was neutralized with saturated NaHCO, 
solution, dried over anhydrous Na,SO,, evaporated and the 
residue distilled. The phenol distilled at 273°/766 mm. and 
the distillate solidified on standing (m.p. 42°). (Found: 
OMe, 19-3.C,H,0,Cl requires OMe, 196%.) It was 
sparingly soluble in water and light petroleum but easily 
soluble in other organic solvents. With FeCl, it gave a blue 
colour immediately turning to a grey precipitate. 

The phenol (0-2 g.) in 8 ml. 2n-NaOH was treated with 
0-4 g. p-toluenesulphony] chloride in 8 ml. acetone. After 
shaking for 30 min. the mixture was poured into 150 ml. 
water. The crystalline precipitate was recrystallized from 
ethanol and 3-chloro-4-methoxyphenyl p-toluenesulphonate 
was obtained as colourless hexagonal plates, m.p. 95-96°. 
(Found: C, 53-75; H, 4-2; S, 10-0. C,,H,,0,CIS requires 
C, 53-85; H, 4-2; S, 10-25%.) 


2-Chloro-4-methoxyphenol and its derivatives 


In the chlorination of 4-methoxyphenyl benzoate, the 
chlorine is directed to the 3-position, the methoxyl group 
being more strongly o-p-directing than the benzoyloxy 
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group. However, when 4-methoxyphenol itself is chlori- 
nated, the OH group is the dominant directing group and the 
chlorine now enters the 2-position (cf. Irvine & Smith, 
1927) thus: 


R R 
Vi Cl jo 
Oi a Oe 
\ YZ 
OMe OMe 
OH OH 
() 2. Op 
\ \ 
OMe OMe 


Irvine & Smith (1927) prepared 2-bromo-4-methoxy- 
phenol by the action of bromine on quinol monomethyl 
ether in organic solvents. Using the same procedure with 
chlorine in methylene dichloride we found that a mixture of 
products was produced, but with sulphury] chloride in ether 
the expected chlorophenol was obtained. 

4-Methoxyphenol (24-6 g.) was refluxed for 0-5 hr. with 
18 ml. sulphury] chloride in 200 ml. ether. The mixture was 
then washed with water and saturated NaHCO, solution to 
remove acid, dried over anhydrous Na,SO, and the ether 
distilled. The residual phenol was then distilled (at 85-95°/ 
0-2-0-3 mm.) to give an oil which solidified on cooling (yield, 
24-5 g., 76% of theory). On recrystallization from light 
petroleum the 2-chloro-4-methoxyphenol formed clumps of 
white needles, m.p. 42° (depressed on admixture with 3- 
chloro-4-methoxyphenol, m.p. 42°), sparingly soluble in 
water and light petroleum but soluble in most organic 
solvents. (Found: C, 53-1; H, 4-5; Cl, 22-2. C,H,O,Cl 
requires C, 53-0; H, 4-45; Cl, 22.4%.) It gives a blue colour 
with FeCl,, rapidly fading and forming a grey-brown pre- 
cipitate. Its benzoate prepared with 2N-NaOH and benzoyl 
chloride, formed needles, m.p. 71°, from ethanol/ligroin. 
(Found: C, 63-9; H, 4:5; Cl, 13-8. C,,H,,0,Cl requires 
C, 64-0; H, 4-2; Cl, 13-5 %.) The p-toluenesulphonate formed 
rectangular plates, m.p. 70°, from ethanol. (Found: OMe, 
9-8. C,,H,,0,CIS requires OMe, 9-9 %.) 


The glucuronide of chloroquinol 


(a) Isolation of the glucuronide. Chloroquinol (m.p. 105°) 
was found to be relatively toxic and was fed in doses of 
100 mg./day to rabbits (2-5-3 kg.) so that 6 g. were fed to 
nineteen rabbits in 3 days. The urine (2100 ml.) was 
greenish brown in colour, did not reduce Benedict reagent 
and gave no colour with FeCl, ; chloroquinol gave a tran- 
sient blue-purple colour. The naphthoresorcinol test on the 
urine and on an ether extract of it was intense. With 2:6- 
dichloroquinone chloroimide the urine gave a deep blue 
colour in the presence of NaHCO, ; chloroquinol itself gives 
a red-brown colour under the same conditions. 

The urine was saturated with (NH,),SO, and then ex- 
haustively extracted with ethanol-ether (1:5). After treat- 
ment with charcoal and drying over anhydrous Na,SO,, the 
extract was evaporated to dryness under reduced pressure. 
The crude glucuronide was thus obtained as a dark syrup 

12 g.). 

(b) i cmiastaididiilsiaiaiaiitliandt The above 
syrup was dissolved in 200 ml. ethanol and methylated 
repeatedly with ethereal diazomethane until the blue colour 
failed to appear in the 2:6-dichloroquinone chloroimide test. 
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In this way 9g. of syrupy 3-chloro-4-methoxyphenylglucu- 
ronide methyl ester was obtained. (Found: OMe, 16-6. 
C,,H,,0,Cl requires OMe, 17-5 %.) 

The whole of this ester was now dissolved in 30 ml. dry 
methanol and the solution saturated with NH, at 0°. The 
mixture was kept overnight at room temperature in a 
stoppered flask: a crystalline precipitate separated. After 
dilution with 20 ml. water and standing a further 6 hr. the 
crystals were filtered, washed with a little 50% ethanol and 
dried in vacuo. The yield was 6 g. or 40% of the dose. On 
recrystallization (charcoal) from water, 3-chloro-4-methoxy- 
phenyl-B-p-glucuronidamide monohydrate was obtained as 
cigar-shaped plates, m.p. 219-220° and [a] rg — 86-6° 
(c, 0-2 in acetone). It was soluble in ether and acetone, less 
soluble in ethanol and methanol and insoluble in cold water. 
(Found: C, 44-4; H, 5-0; N, 4:0; OMe, 9-0; H,O, 4-9. 
C,3H,,0,NC1.H,O requires C, 44-4; H, 5-2; N, 4-0; OMe, 
8-8; H,O, 5-1%.) 

(c) Hydrolysis of the amide. The glucuronidamide (1-6 g.) 
was hydrolysed by heating on a water bath for 4 hr. with 
3N-HCl. The dark mixture was cooled and exhaustively 
extracted with ether. The ethereal extract now contained 
the chloromethoxyphenol and this was partly purified by 
extraction with 2N-NaOH, followed by acidification with 
dilute HCl and re-extraction with ether. After drying the 
extract with anhydrous Na,SO,, and treating with charcoal, 
the ether was evaporated and there remained a dark-brown 
gum (0-69 g.). This was distilled to give 0-38 g. of 3-chloro- 
4-methoxyphenol as a straw-coloured oil distilling at 150- 
170° (bath temp.)/6 mm. On standing the oil crystallized. 
It was identified as 3-chloro-4-methoxyphenol by the pre- 
paration from it of 3-chloro-4-methoxyphenyl benzoate 
(needles), m.p. and mixed m.p. 109-110°. (Found: OMe, 
11-9. C,,H,,0,Cl requires OMe, 11-8 %.) Also of 3-chloro-4- 
methoxyphenyl p-toluenesulphonate (plates), m.p. and 
mixed m.p. 95-96°. (Found: OMe, 9-8. C,,H,,0,CIS 
requires OMe, 9-9 %.) 


DISCUSSION 


The glucuronide formed in the rabbit on feeding 
chloroquinol has been shown by the following series 
of reactions, which need no comment, to be 3-chloro- 
4-hydroxyphenylglucuronide: 


Py a 
pl in vivo a 
[ YY 22 f2 
Ve WA 
OH OC,H,0, 


a OMe 
J 7 
— (7 — & 
V4 \ 
OC;H,0,.CONH, OH 


Thus it has now been shown that with 4-chloro- 
catechol, 4-chlororesorcinol (Dodgson & Williams, 
1949) and chloroquinol, glucuronic acid conjugation 
is selective as regards the hydroxyl group undergoing 
conjugation. Furthermore, conjugation occurs on 
the hydroxyl group farthest away from the chlorine 
atom. This suggests that steric influences may be in- 
volved, and for this reason the approach of the 
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enzyme system concerned in glucuronic acid conjuga- 
tion to one hydroxy] is easier than to the other. Thus 
conjugation para to the chloro group is preferred to 
meta or ortho, and conjugation meta to the chloro 
group is preferred to ortho, when both are offered. 
Glucuronic acid conjugation does, however, occur in 
o-chlorophenol itself (Spencer & Williams, un- 
published), but here, of course, only one hydroxy] is 
offered for conjugation. 

In this work we have paid little attention to the 
sulphate conjugation, because the isolation, in a 
pure state, of the ethereal sulphates formed was not 
achieved. We did obtain evidence to show that, in the 
case of 4-chlorocatechol (Dodgson & Williams, 1949), 
the sulphate group was oriented in a similar way to 
the glucuronic acid group, and this may be generally 
true. Other work in this laboratory (Anderton, 
1949) has suggested that the sulphate conjugation of 
chlorinated phenols may be correlated with the dis- 
sociation constant of the hydroxyl group. The extent 
of sulphate conjugation in chlorophenol has been 
shown by Williams (1938) to depend on the position 
of the chloro group relative to the hydroxyl, the con- 
jugation being least with o-chlorophenol and greatest 
with p-chlorophenol. This observation can be corre- 
lated with dissociation constants and has now been 
extended to the polychlorinated phenols(see Table1). 
This table shows that the extent of conjugation of 
phenol with sulphuric acid is reduced to half its 
original value by an o-chloro group and to zero by 
two o-chloro groups, e.g. 2:6-dichloro-, 2:4:6-tri- 
chloro- and pentachloro-phenol. The last three 
phenols also have values of pK lessthan 7. Anderton, 
Smith & Williams (1948) have shown that phenols 
with pK less than 7 do not conjugate with sulphate 
in the rabbit. 

Whether glucuronic acid conjugation can be corre- 
lated with dissociation constants is not yet clear. 
The constants of 4-chlorocatechol, 4-chlorore- 
sorcinol and chloroquinol do not appear to have been 
determined, but if one assumes that the strengths of 
the hydroxy] groups in these compounds are similar 
to those of the monochlorophenols, then in each case 
the least ionized hydroxy] group is the one which has 
conjugated with glucuronic acid. 


Glucuronic acid conjugation and its relation to the 
nature and position of hydroxyl growps in natural 
and other compounds 
A search of the literature has revealed four cases of 

the glucuronic acid conjugation of phenols similar to 

the ones studied here. Orcinol and phloroglucinol 

(IV) and (V) (Sera, 1913, 1914) give rise to mono- 

glucuronides in the rabbit, but in these instances no 

orientation problem arises because the hydroxyl 
groups are symmetrically disposed in the molecule. 
2:4-Dihydroxyacetophenone (VI) also gives rise to 

a monoglucuronide, but its structure was left un- 
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Table 1. Ethereal sulphate conjugation of chlorophenols in the rabbit and dissociation constants 


Dose 
Compound (mg./kg.) 

Phenol 100* 
Phenol 250* 
2-Chlorophenol 325*7 
3-Chlorophenol 325*+ 
4-Chlorophenol 325*f 
2:4-Dichlorophenol 163t 
2:6-Dichlorophenol 163f 
2:4:5-Trichlorophenol 197-5 
2:4:6-Trichlorophenol 197-5 
Pentachlorophenol 266-5 


* Data quoted from Williams (1938). 
{ Equivalent to 100 mg. phenol. 


defined by Nencki (1894) who described it as a 2- or 
4-glucuronide. Our results suggest that Nencki’s 
glucuronide is 4-glucuronosido-2-hydroxyacetophe- 
none. A similar glucuronide of undetermined struc- 
ture has been prepared by Salant & Bengis (1916) by 
feeding rabbits with benzeneazoresorcinol (Sudan 
G35) (VII). 


Me OH COMe N=NPh 
( ) e 7 Sas 7 - 
HO, Jon HO Jon 4 \ 
OH OH 
(Iv) (v) (VI) (VII) 


It appears to us that it is almost a general rule 
that when a compound containing more than one 
hydroxyl group capable (when occurring alone) of 
conjugating with glucuronic acid, is administered to 
an animal, only one is conjugated. As far as we are 
aware the only diglucuronide known is that of p- 
hydroxybenzoie acid (Quick, 1932). In this, one 
glucuronic acid residue is attached to the hydroxyl 
and the other to the carboxyl group. This has been 
isolated only from dog urine. In rabbits p-hydroxy- 
benzoic acid gives rise to a monoglucuronide, the 
glucuronic acid being attached to the phenolic 
hydroxyl group (Hartles & Williams, 1948).) This 
rule also applies to the known naturally occurring 
glucuronides for they are all monoglucuronides. Thus 
euxanthic acid (euxanthone-7-glucuronide, Robert- 
son & Waters, 1931), pregnanediol-3-monoglucu- 
ronide (Heard, Hoffman & Mack, 1944; Huebner, 
Overman & Link, 1944) and oestriolglucuronide 
(Cohen, Marrian & Odell, 1936; Grant & Marrian, 
1948) are all monoglucuronides, although the agly- 
cone in each case contains more than one hydroxyl 
group. In euxanthone both hydroxyl groups are 
phenolic, but it is the less sterically hindered 7- 
hydroxyl which is conjugated. In pregnanediol, both 
hydroxyls occur in secondary alcohol groups, but 
the one in the ring (the 3-hydroxy]) is selected for 
conjugation rather than the 20-hydroxy] in the side 


Percentage of 
dose conjugated 


with sulphate K,x10" pK 
po 1-7 9-77 

10 32 8-49 

18 14 8-85 

22 6-6 9-18 

16 180 7-74 

0 1600 6-80 

10 180 7-74 

0 3800 6-42 

0 55000 5-26 


+ Equivalent to 250 mg. phenol. 
K, Quoted from Murray & Gordon (1935). 


chain. Oestriol offers three hydroxyls for conjuga- 
tion, one phenolic and two in secondary alcohol 
groups, but the phenolic group is certainly free in 
oestriol monoglucuronide (Cohen et al. 1936) and the 
glucuronic acid is attached to the 16- or 17-hydroxyl 
group. 

Thus it becomes clear from our work on the 
chlorinated dihydric phenols and from the natural 
glucuronides cited above that in the selection of the 
hydroxy] group for conjugation both the position and 
the nature (i.e. whether it is phenolic or occurs in 
a primary, secondary or tertiary alcohol) of the 
hydroxyl group is involved. Although some ex- 
amples are known of the conjugation of dihydroxy 
compounds containing two different kinds of hy- 
droxyls, much more information is needed before 
definite rules can be drawn up for ten different com- 
binations of the four kinds of hydroxyls mentioned 
above taken two at a time can occur. 

Examples of some of these combinations are 
already known: (1) When two phenolic hydroxyl 
groups occur in a compound, then, if they are not 
equivalent, the one which is least sterically hindered 
is conjugated, e.g. euxanthone, chloroquinol, etc. 
(2) An example of a compound containing two 
differently oriented secondary hydroxyl groups is 
1:2-dihydro-1:2-dihydroxyanthracene which is ex- 
creted as a monoglucuronide when anthracene is fed 
to rabbits (Boyland & Levi, 1936). Here the 1- 
hydroxy] is selected for conjugation. Pregnanediol 
is another but different example. (3) In oestriol 
monoglucuronide a secondary hydroxy] is conjugated 
rather than the phenolic hydroxyl. (4) An example 
of a substance containing one primary and one 
secondary hydroxy] group is propylene glycol which 
forms a monoglucuronide in rabbits. Miura (1911) 
suggests, without proof, that the glucuronic acid is 
attached to the primary and not the secondary 
hydroxyl. (5) p-Menthane-1:8-diol contains a 
secondary and a tertiary hydroxyl group, and Kuhn 
& Léw (1938) have shown that in the monoglucu- 
ronide formed when the diol is fed to rabbits, the 
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uronic acid residue is attached to the secondary and 
not the tertiary hydroxyl. 

Although the evidence as yet is very meagre, it 
does suggest that when a compound containing two 
hydroxyls of different nature is offered for conjuga- 
tion, then a primary hydroxyl is preferred to a 
secondary and a secondary to a tertiary or phenolic 
hydroxyl. 


SUMMARY 


1. Astudy of the conjugation of chloroquinol with 
glucuronic acid has been carried out in the rabbit. 

2. Chloroquinol forms a monoglucuronide which 
was isolated and characterized as 3-chloro-4-meth- 
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oxyphenylglucuronidamide. The structure of this 
glucuronidamide has been proved. 

3. It has been proved that glucuronic acid con- 
jugates with the hydroxyl group of chloroquinol 
farthest away from the chloro group. 

4, 2- and 3-Chloro-4-methoxyphenols and some of 
their derivatives have been synthesized and used as 
reference compounds. 

5. The results are discussed in relation to the 
orientation of glucuronic acid conjugation in some 
natural glucuronides. 


The expenses of this work were in part defrayed by a grant 
from the Medical Research Council. 
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